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ABSTRACT 


The objectives of this thesis are to clearly define the 
problem of developing a dynamometer suitabie for use in a 
Gwali self-propelled ship model at the H.I.f. Towing Tank 
Pacility, to explore the theories for the solution of the 
instrumentation problem and conduct the necessary prelimin- 
ary design of promising methods, and to present design 
considerations for the detailed design, sonetruction, and 
experimental phases of the problen. 


The objectives are accomplished by determining the maz- 
nitudes of torque, thrust, shaft rotational velocity, and 
ship model velocity to be measured, by analyzing the antici- 
pated disturbances, and by synthesizing and critically 
evaluating the measurement syatem components. 


A design procedure for the stern tube bearing and 
shafting systems is developed which produces constant torque 
losses. iIt is found that techniques at or near the state of 
the art must be employed to effect measurement of the desired 
alternating forces. Fhotocelectric, electron tube, piezoelectric, 
and variable capacitance transducer techniques standout az the 
most promising methods of measurement. 


On the basis of practicality, it is recommended that a 
sensitive propulsion dynamometer capable of measuring only 
the mean values of torque and thrust be successfully developed 
before consideration te given te the development of a 
dynamoneter capable of measuring the alternating forces. 


Thesis Supervisor: Martin A. Avckowitz 
Title: Professor of Naval Architecture 
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I. INTRODUCTION 


A. Motivation for Study 


A dynamometer is an instrument for measuring force 
or power. A "sensitive propulsion dynamometer," for 
purposes of this thesis, is defined as a dynamometer 
capable of measuring the dynamic values of forces devel- 
oped by the rotating propeller of a "small ship model" 
propulsion system. Specifically, these measurements 
are the dynamic values of torque, thrust, shaft rota- 
tional velocity, and ship model velocity. 

The Massachusetts Institute of Technology Towing 
Tank facility does not presently include a propulsion 
dynamometer; therefore, the development and construction 
of a suitable dynamometer is desired. The size of the 
towing tank limits models used to a maximum length of 
five or six feet. The "small ship model," therefore, is 
defined for purposes of this thesis as a five or six foot 
scale model of a full-sized, single-screw surface ship. 

The uses of the desired measurements may be placed 
under three general headings -- self-propulsion tests, 
evaluation of alternating force theory, and ship vibration 


studies. 
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Self-propulsion teste are conducted, using a model 
with known bare-hull reststance and developing thrust 
with a propeller of known characteriatics, in order to 
determine the wake and hull interaction characteristics 
of the model. For these testa the mean values of torque, 
thrust, and shaft rotational velocity are required. A 
self~prapulsion test would enable additicnal student 
participation in towing tank experiments and would pro- 
Vide the means for further investigation of scale effects 
in gmall, self-propelled models (1,2,3). 

Several theories predicting alternating propeller 
forees have been developed and are discusged in references 
(:) and (5). The measurement of the instantaneous values 
of these forces will permit correlation between theoretical 
predictions and experimental dete. 

The propeller induced forces measured by the dynamo- 
meter are the driving functions required for solution of 
the ship and shaft equations of motion. Studies of ship 
and shaft vibrations made tessiblie by the solution to 
these equations enable development of imoreved design 
of shipboard equipment and atructures such as bearings 
ang rotating components. 

B, Background 
iso Development tremis ~- large ship models. 
Through the years continulng prosrams «of design and 
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development of propeller dynamometer instrumentation have 
been conducted at prominent model basin facilities through- 
out the world. Representative of these programa is the 
one which has been conducted at the United States Navy's 
David Taylor Model Basin (6). Nere the instrumentation 
has been applied to medels usually of twenty feet or of 

at least ten feet in length. The forces to be measured 
are wore than thirty times those developed in the small 
ship model. As each new design evolved from the program 
great advances were made in overcoming the difficulties 

of obtaining a proper frequency response, & high signai- 
to-noise ratio, and @ proper method of dynanic calibration, 
The latest of these designs has been very succeasful. The 
development of a pre-calibrated alternating force calibra- 
tion, along with instrumentation which uses semi-conductor 
strain gage bridses practically on the propeller itself 
and amplification on the snaft prior to removal by slip 
rings, has been responsible for this success. This dyna~ 
mometer is compact, versatile, and capable of measuring 
the six components of the propeller alternating forees (7). 
The DIMB report describing this dynamometer has not yet 
been published. A discus@ieon of the applicability of these 
methods to the small ship model will be given in later 
sections of this thesis. 
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2. Historieal development - srall ship models. 

Several attempte at designing and testing a dyna- 
momater for measuring the mean and/or alternating values of 
terque and thrust developed sy small snip models have 
been made as theeis projects at M.I.f. (3,9.39,11,12). 

The schemes of four of these projecta dealt principally 
with the use of strain gages for torque sensing and a 
differential transformer for thrust measurements. These 
devices converted physical strains and displacements into 
electrical signals which were removed from the shaft by 
& Slip ring assembly. The most significant result of 
the four projects was a distinct, although still inade- 
quate, progress in the development of slip rings. Develop- 
ment progressed from a copper ring and relay contact brush 
assembly (8) to a simply constructed mercury pool slip 
ring construction (11). No satisfactory results, however, 
were obtained in the testing of these schemes. The system 
natural frequencies were too low for an undistorted detec- 
tion of the alternating forces; and the slignai-~to-noige 
ratios were too low for 4a distinguishable cutput., The most 
apparent reagen for the failure was the authors' failure to ade- 


@uately analyzs the detalis of the problem with whieh they 






7 - SEES mF 
> amie; 


Te we odd an 


vtanlig wef Tee 
va a 



















th awry 
—>r =" Ws 
a ns eh cea nar 
aes 
we oes (mae 
— marGes pee 
erecerns 
-06 @ J ee: at i 
ae we lb tele ited 2 wt @ : oun 2 ) 
« of? ‘ F : 
7 Tee ner atten, of Ree iy 
on 4 vel ew ae le eee 2 eorriane 
Gal seco | 

















were faced. Whether the goal was to meagure the alternating 
forces or only the mean values, a proper analysie of the 
forces themselves, the sensitivities and devices required 
for detection, and the tolerances for constructien would 
have enabled some of the failures to te predicted rather 
than revealed through trial and error. 

The frequency requirements for measureawent of the 
alternating forces were recognized in the fifth of these 
theses (12), and considerable emphasis was placed on the 
frequency response in defining the problem. Maving treated 
this aspect, the authors directed thelr efferts to the solu- 
tion of the instrumentation problem through construction and 
testing of a sugmested devices. The variable reluctance princi- 
ple was used to detect thrust actuated variations in a 
genall air gap. Although the application of the prineiple 
a8 an instrumentation technique was presented very well, 
the sensitivity and regolution required to effect the 
desired measurements were net evaluated. Construction 
difficulties prevented coriplete testing. Had complete 
test results been obtained, perhaps the required resolu- 
tion might also have been obtained as an extra bonus. But, 


as in the other theses, a more detalled analysis of the 
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problem might also have enabled prediction of some of 


the failures. 


€. Objectives 
instrumentation engineering requires proper developments 
ef the theory, preliminary design, detailed design, con- 
struction, and experimentation of the systems that preduce 
functional relationships among physical quantities. oOri- 
@ineaelly, the authors of this thesis expected to embark on 
a program of design, construction and experimentation similar 
to these already conducted. A careful study of the past 
theses, however, indicated that greater emphasis was required 
in the development of the theory and preliminary design. 
This development, aiong with sufficient economic backing to 
ensure proper construction and avallability of required 
equipment, is necessary to ensure succesaful construction 
and experimentation. Therefore, the authors established 
the following new objectives: 
1) To clearly define the problem of developing 
a dynamometer suitable for use in a small 
self-propelled ship model at the M.I.T. Towing 
Tank Facility. 
2) To explore the theories for the solution of the 
instrumentation problem and conduct the 
necessary preliminary design of premising 
methods. 
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3) To present design considerations for the 
detailed design, construction, and exveri- 
mental phases of the problen. 
D,_ General Organization 
Tnia thesis is ergarised into four majer exetions. 
Tha method by shich the thesis objeetives «113 be acoon- 
plished is presented in the Procedure section. The 
noagurenent systes, with ite inpute and output, is analyzed 
in the Analysis section. The Analysis ie Pollowed by the 


Conclusions and Recommendations. 





II, PROCEDURS 


A, Analytieal Procedure 
tie objectives of this thesis will he sceomplished 
by the following analytics] procedure: 

1. Analyne the primary or desired forces, i.e, 
determine the ragnitudes of torque, theust, 
shaft rotational velecity, and ship medsi 
velocity. 

2 Anaiyae the anticipated disturbances. 

3. Synthesice and ¢ritically evaluate the 
mensurement syaten components, presenting 
design considerations for each. 

This procedure requires the femmulation of an analytical 


meade. 
B. Analytical Model 
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Meauumguent Syaten 
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de Inputs 

Branch (1) - Desired inputs to the measurement system are 
axial propeller thrust, propeller torque, pro- 
peller shaft rotational velocity, and ship medel 
velocity. 

Undesirable inputs, referred to as disturbances 
or noise, are all other forces and effeets that 
enter the measurement system and are capable of 
masking or wixing with the desired input. 

Braneh ~ Noises which can enter the measurement system 
in the same manner as the dealred inputs are 
bearing forees, prime mover coise, disturbances 
acting on the propeller, and forese created by 
the measurement system itself, 

Braneh (3) - Noise ean six with the desired inpute in 
the various clemente or components of the mea- 
surement system. ixamples of these nolses are: 
spurious aignais resulting frem electrical para- 
meter variations due te temperatures ox mo tdity 
ehanges, alipring noise, ¢lectrical and magnetic 
field inf luenees, component distortion due te 


centrifugal force, and power supply variations. 
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2. Measurement Syster 

The measurement system can be defined as that system 
whieh detects the physical quantities amd eonverts them 
to a suitable cutput data ferm. The analytical model of 
the measurement system chogen is that of the American 
Standards Asscciation (13) and is described so Pollows: 


Actuating Transducer Signal 
Devices Conditioners 





a, Aetuating device - that deviee or mechanilem that converts 
tergue and thrust inte the measurable quantities strain, 
displacement, velosity, or acceleration. Types of 
actuating devices considered are: bellows, dlaphragns, 
shaft rotations, rectilinear motions, proving Pings, 


eantilever beass, seismic mass and aprings. 
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%. Transducer - the element that converts the measurable 
quantity to a signal. Types of transdueecr elements 
conpidered are self-generating analogy, yariable para- 
meter analog, frequency or pulse generating, and 
digital. 

a, Signal conditioners - these devices that condition 
the transducer cutput signal and prepare it fer 
actuating the readout device. Types of eignal con- 
ditioners considered are input modification devices, 
instrumentation amplifiers, and signal remeval methods. 

ad Readout - those devices that accept the conditioned 
signals and present them in a suiteble output data 
fora. Types of readout devices considered are analog 
or digital indicators and recorders. 

3. Output 

Qutput data can be analysed in many ways. The input 
characteristics and deta analysis teehniques usec largely 
determine the desired for: of this data, Gubput data can 
be in the form of visual display, strip chaste, tape 
recordings, punched paper tape, and punched cards. 
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IIIT. ANALYSIS 


A. General 

The development of a dynamometer as an instrument 
involves a compromise of four fundamental qualities: 
efficiency, scale range, sensitivity, and accuracy (1). 
The efficiency of an instrument is a measure of the amount 
of disturbance which it introduces into the system. The 
scale range is the difference between the largest and the 
smallest possible readings. The sensitivity is the slope 
of the instrument calibration curve, that is, the ratio of 
the change in measured output to a given change in input. 
The accuracy is the maxinum error -- the difference between 
the indicated quantity and the true quantity. If desired 


@8 a percentage, accuracy can be expressed in two ways: 





Q : -~ Q 
indicated true i 


meen 5 PRY 
true 





einaseaton” Cepue _— 
——=- xX 100 ofo , 

full scale 
where Q represents the quantity of interest and full seale 
pertains to the maximum anticipated amplitude of the quantity 


of interest. If this expression for accuracy is applied to 
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a meter device, then the maximum amplitude is the maximum 
meter deflection. Reseolutian, a term often used in conjunc- 
tion with accuracy, is the dezree to which nearly equal values 
of a given quantity can be discriminated. The higher the 
value of resolution stated, the more minute is the diacernible 
difference between values. 

Tne above qualities can be applied to the measurement 
system as a whole, or to the syster components individually. 
Since the qualities of the components determine the quality 
of the systen, they will be considered in the analysis of 
the individual components. 

Aa described in the Procedure section, the measurement 
system is composed of the transducer section, the signal 
conditioning section, and the readout section. The analyses 
of the inpute to this system, the system itself, and its 


output Pollow. 


Be. iInguts 


1, Uiseussion 

There are three general categories of forces ~~ 
static, transient, and dynamic. Static forces are steady 
and mot subject to rapid fluctuations or discontinuities. 
fransient forces result from a change in operating conditions, 
such as speed changes or rudder angle changes. and Jast orly 
a short period of time. Dynamic forces are continuous and 


elther periodie or random in nature. 
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When a propeller is operated in an unsymmetrical 
wake behind a ship, each blade experiences periodic wake 
variations which induce periodic forces in the propeller 
shafting system. These periodic forces appear at fre- 
quencies related to the multiples of shaft rotational 
frequency. In addition to these periodic forces, random 
forces are produced by the turbulence in the flow around 
the propeller. Thus, the desired propeller-induced forces 
are dynamic in nature and neither transient nor static. 

The dynamometer, therefore,is to be designed for measurement 
of dynamic forces. 

In order to enable the authors to proceed through the 
analysis with specific input values, only the forces induced 
by the wake variations of such ship modeis as the Mariner 
Class and Series 60 will be discussed. These models are 
typical and currently available for use in the M.I.T. 


towing tank. 


e. Desired quantities 

a. Torque and Thrust 

The forces induced in the shafting system by a propeller 
operating in an unsymmetrical wake result in axial thrust, 
torgue, and shaft bending moments. In this thesis, only the 
axial thrust and shaft torque are considered to be desired 


ay Hs, 


wn 












SS otam.a” 


Es 

anti? 

ncubaal wed ds stein Gike dane SE an 

ae signee et peti er 
e.tn od af seth esmerh nc 


a 7, 

ee a 

eileyour ¢ Gd Rete! Saliva oe ae fous evio¥ St 
PGW) fees Ot viene sume Seley tenyann’ ae ot! eke 
dy Vino ottesy Whe ot open peiiiow! ads be 
bviivsh OF (4 biyehk soe sant iis Vines 2h a nea 
a 






















ae 


inputs to the measurement system. In addition, ship model 
velocity and shaft rotational velocity are required for 
calculation of effective horsepower and shaft norsepower 
respectively. 

Table I presents the anticipated range of mean values 
of the desired forees and velocities of the smali merchant- 
type models to be tested. The computations for the tabulated 


values are given in Appendix A. 


Table I 


Anticipated Range of Porces and Velocities of 
Small Merchant-type Nodela 


Vode l Torque... 
(kts. ) (in. -o2,) 


Mariner 


Series 
£0 


Tanker 
1.588 





eo h~ 











atta 


a 


t 
~~ ee a ee ee 
ae nec ge eee 





-— | 24 


mn ee =— - 


v= ——-_ <7 
: 


ai 


rd 
_ = 





The following specific values. are based on the information 
presented in Table I and were selected for the design analy- 
gis of the dynamometer as the full scale mean values for the 


highest velocity test run: 


full seale mean torque (highest velocity of interest) 
= 2,30 in.-o2f. 
full seale mean thrust (highest velocity of interest) 
* 6,32 iB. 
The full seale mean values for the test run conducted at the 
lawest velocity of interest, 55% of the highest velocity, 
were appropriately sealed from the values akove and are as 
follows ; 
full scale mean torque (lowest velocity of intereat) 
o.979 in.-oz. 
full seale mean thrust (lowest velocity of interest) 
0.135 1b. 

The emallest valiues of the periodic, propeller~-induced 
texmque and thrust must be determined before the instrument 
scale range and the resolution required for theiy measurement 
ean be established. The magnitudes of the torque and thrust 


variations are functions of four factors: 


~ fh» 
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1) The shape of the afterbody . 

2) The clearance between the propeller and 
and the serew aperture. 

3) The number of blades and the hydrodynamic 
properties of the propeller blades. 

i) The ship operating conditions. 


A discussion of some of these factors and a method for 
estimating the magnitudes of the torque and thrust variations 
are presented in Appendix A. The following specifle values 
are based on the method presented and represent the smallest 
variation amplitude of interest, that is, the variation ampli- 
tude for the test trial conducted at the lowest velocity of 


interest: 


smallest amplitude of torque variations 

= 0.00) x 2.30 in.-oz.= 0.0092 in.-oz. 
gmnallest amplitude of thrust variations 

x 0.01 x 0.32 lb. = 0.0032 lb. 


The David Taylor Model Basin stated im reference (6) 
that their design goal for accuracy is 0.25 ofo of the full 
scale of interest. To adopt this accuracy as a atandard for 


Gesaign of the dynamometer under consideration, means that the 
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following values represent the maximum tolerable error: 


°pull_seale of interest * 925 9/0 
3) 


Qan - Q ° 
indicated true — 


«= 9,0092 in,~-oz. x 9,0025 

= 9,000023 in.-og. of torque 
= §,00321b. x 0.9028 

= 9,0000080 lb. of thrust 


and 


These values of maximum tolerable error, therefore, establisn 
the lowest acceptable resolution which is compatible with the 
desired accuracy; the dynamometer should at least be capable 
of diserininating between values separated by these magnitudes. 
Such resolution may be stated as being one part in four hundred 
based on the full scale of interest. 

The gravity dynasometer currently used at the M.I.T. 
Towing Tank for measuring the bare-hull resistance of small 
ship models is accurate te 0.0001 1b. (15). Since the gravity 
Gynamometer will be used in conjunction with the propuision 
dynamometer for self-propulsian tests. the accuracies ef the 
two measurements should be cempatible. The full seale mean 
values for the lowest velocity of interest are the values of 
interest for comparison. The maximum tolerable error, if the 


cynamometer was desizned only far mean value measurements 
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at the adopted standard of accuracy, would be as follows: 


Candieated - Re ie —_. 0. O70) hie —ObBe KX 0.0025 


= 9,002.3 in.-of. of torque 
and « 0.135 lb. x 0.0025 

= Q,00034 lb. of thrust. 
Thus the accuracies for the thruat measurements are not com- 
patible. Beeause the propulsion dynamometer is being designed 
te measure both the variations and the mean, however, the 
comparison of 0.0001 lb. to 0.000008 lb, of thrust shows the 
design accuracy of the propulsion dynamometer to be more 
than sufficient. 

It is recognized that, in order to attain the accuracy 
adopted as a standard for design, the maximum tolerable error 
values are very small. Anticipating the requirement for a 
possible relaxation of the accuracy standard, the maximum 
telerable errors for compromise accuracies have been computed 
and are plotted in Figure i. 

Knowledge of the range of frequencies of interest for 
the torque and thrust vardaticns is as important to the 
analysia of the measurement system as the information regarding 


the magnitudes. The range of frequencies of interest is shown 
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Relationship Between Accuracy and Maximum 


Tolerable Error in the Measurement of Torque and Thrust 


Figure l, 
Variations, 
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in Appendix A to extend from the shaft rate (RPS) to the 
gecond harmonic of the blade rate for a five-bladed pro- 
peller (2% 5 RPS). Based om the highest full seale shaft 
rotational velocity, the highest frequency of interest is: 


2x5 X 20 RPS = 200 cycles per second 


b. Velocities 

Since the constant velocities, both rotational and 
linear, are required for the tests to be conducted using 
the propulsion dynamometer, the accuracy required for their 
measurenent is dependent upon the capabllity of the driving 
gevice to provide the constant velocity. Linear velocity 
can presently be measured at the M.1I.T. Towing Tank to an 
accuracy of 0.001 knet (15). The accuracy required for 
the shaft rotational velocity is determined by the frequency 
of velocity input necessary for successful operation of a 


constant speed control device for the prine mover. 


¢. Summary 

Tne full scale values of interest for torque, thrust, 
shaft rotational velocity, and model velocity are summarized 
in fable II for the lowest and highest test velocities of 


interest. 
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Table II 


Selected Input Porees, Velocities, and 
Frequencies for Measurement System Analysis 


Percentage of Pull Speed 
Model velocity (xts.) 


Torque (in. -oz,) 







100 o/o 















Mean values 





Thrust (1b. ) 





















Smallest variation 





0,016 
0.0056 


OG, 0092 
9, 0032 


Torque (in.-oz.) 


Thust (1b. ) 









amplitude of interest 










(ghd harmonic , 






5 bladed propeller) 


Shaft rotational velocity (RPM/RPS) 760/13 
t} 


Highest frequency 3 blades end harmonic 







lk blades ist harmonic 






of interest (cps) 





*S blades end harmonic 


3. Disturbances or Noise 


Tne description, analysis, and means of suppression of 
those disturbances which enter the measurement system in the 


same manner as the desired inputs will be presented in this 
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section. The disturbances which can mix with the desired 
inputs in the various elements of the measurement system 
will be discussed individually when they affect the indivi- 
dual components. 

In order for disturbances to enter the measurement system 
in the same manner as the desired inputs, they must be either 
originated on the shaft or imparted to the shaft. The dis- 
turbances which originate on the shaft may be initiated by 
Pield force disturbances within the measurement system itself 
or by the axial componert of the gravity ferce on the shafting 
syatem. Disturbances which are imparted to the shaft may be 
transmitted through the propeller, the prime mover, and the 
bearings, 

&. Propeller 

In addition to the propeller-induced forces producing 
toxmjue and thrust, Pour other components are present -- the 
horizontal and vertical transverse forees and the horizontal 
and vertical bending moments. These four components repre- 
sent unwanted quantities to the measurement system, but, since 
they act in directions which are different from those of the 
desireg quantities, the measurement syster can be designed ta 
neglect them. These components will. however, affect the 
loadings in the stern tube bearing where they say be trans- 
mitted back to the shaft as components in the desired 


directions. 
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Porce variations in the desired directions are also 
induced by flexure motions excited when forces are applied 
to the shaft. These additicnal thrust and tomgue varia- 
tions are termed propeller added mass and damping, and 
result from a certain amount of axial and rotational 
digplacement of the propeller. In order to eliminate 
the added mass and damping, and thereby limit the pre- 
pelier response to only the excitation forces desired, the 
shaft apring constant must be high. Unwanted wave distur- 
bances also may be tranamitted to the shaft through the 
propeller, but the elimination of these disturbances is a 
problem of creating the desired tank conditions prior te 
testing. 


b&b Prime mover 

Disturbances generated by the prime mover ray be 
either imparted directly to the shaft or trangmitted via 
the structureborne path -- prime mover foundation, hull, 
bearing, shaft. An electric moter is best suited for the 
prime mover in the small ship model; and the magnetic 
forces, acting across the air gap of an electric motor, are 
a major source of disturbances. These forces are pulsating 
due to variations in the magnetic path ac the rotor rotates 


and tne electric load currents change. These pulgations 
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then set up vibrations in the shaft and foundation. Other 
forces originating in the magnetic structure such as mage 
netostriction, eddy currents, and hysteresis are not 
significant factors (16). 

Tne goal of thie thesis requires that prime mover 
Gisturbances be eliminated. The shaft vibrations due to 
the magnetic forces can be damped by a suitable shaft 
flywheel and flexible coupling arrangement placed between 
the prime mover and the measurement system. The vibration 
path through the structure can be blocked by appropriate 
isolation mounting of the moter foundation. In addition 
to isolation methods, proper selection of the number of 
poles and field excitation frequency can place the motor 
disturbance frequencies ontside the frequency range of 
interest for the desired quantities. 

©. Bearings 

The bearings align and support the shart between the 
prime mover and the propelier. The disturbances transmitted 
te the shaft are caused by the friction which epposes the 
turning of the shaft in the bearing. The value of the 
friction depends on the methed of lubrication, the lubri- 


cant, its temperature, the velocity of rotation, and the 
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intensity of pressure on the bearing. The intensity 
of pressure varies with the relative motion between 
the shaft system and the bearings, regardless of its 
origin. These motions can be produced by shaft system 
and hull vibrations, shaft misalignment, and shaft 
loading. 

Proper bearing selection is the first step to 
suppression of bearing noise. The design and application 
of bearings in low noise equipment have been studied 
extensively (16), and as a result of these studies, the 
following comparisons between ball bearings and sleeve 


bearings can be made: 


1) Irregularities in the bearing balls and 
races and internal end play in the bearings 
themselves are sources of noise in ball 
bearings. Closely controlled manufacture 

of ball bearings, however, results in uni- 
formity in performance and permits the main- 
tenance of air gap concentricity in motors 
and instrumentation throughout the life of 
the bearing. Considerable study of the 
internal geometry of ball bearings has 


resulted in their availability under specifications 
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which have very low noise levels. Other 
factors which affect the noise level of 

the bail vearings as installed in the 
equipment are the amount of axial pre- 
loading, the alighnent on the shaft, 

and the type and cleanliness of the 
lubricant. 

2) Sleeve bearings are inherently quieter 
than ball bearings but there are also cer- 
tain disadvantages in their application, 
Sleeve bearings require a radial clearance 
which incr¢eases with wear. This wear may 
result in eccentric air gaps in motera and 
instrumentation thereby creating unbalanced 
magnetic forces. The lubrication system used 
far the sleeve bearings can aleo be a source 
of noise. 

3} Specific aspects of motor atruetureborne 
noise were also investigated. A motor which 
could use either sleeve bearings or bali 
bearings was tested extensively and it was 


found that the overall noise levels from 
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either the ball or sleeve bearings were 
about the same. The overall levels for 

the sleeve bearings, however, were made 

up primarily of lewer frequency vibra- 
tions and those for the tall bearings 

were made up primariiy of higher fre- 
quency vibrations. All factors considered, 
the ball bearings were preferable to sleeve 


bearings for use in motors. 


In selecting bearings for the small ship model, 
several points must be considered. Wear is not a 
problem since testing time will be short and bearing 
loadings will be light. The presence of water at the 
stern tube creates 2 problem for ball bearing lubrica- 
tion but provides a natural lubricant for a sleeve 
bearing, Model stern tube structure favors the incor- 
poration of ea sleeve bearing with a shaft seal con- 
figuration. Several possible instrumentation configurations 
faver the use of ball bearings in the shaft and motor. 
After considering these points, the authors decided to 
analyze a shaft~-bearing configuration consisting of a 
sleeve type stern tube bearing and ball type shaft and 
moter bearings. 
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In general, past small ship model investigations 
(3,9,10,11,12) were limited either by the assumption that 
terque losses through the stern tube bearing were of the 
game order of magnitude as the torque te be measured , 
thereby requiring placement of the sensing elements 
between the bearing and the propeller; or by cencluaiona 
Grawn from calculations which showed the toraue loss to 
be negligible compared to tive full load torque, thereby 
aliowing placement of the genaing elements inside the 
model just forward of the atern tube bearing. Neither 
ef these choices preperly describes the difficulties 
Which the bearing inposes eon the problem of effecting 
the desired measurenents. Regardless ef the placement 
ef the genging clements, forward or aft of the stern 
tube bearing, it 18 the variations in torjue less that 
Will affect the measurement of the desired alternating 
terque. The torque loss variations must be shown to be 
negligible compared to the alternations to be measured. 
A constant torque less can be removed by proper dynamic 
ealibration of the dynamometer. 

Whereas every e¢ffert should be made to eliminate 
the motions which cause tergue loss varletions, it ia 


impossible te remove them cempletely. A precedure for 
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design of the stern tube bearing and shaft for the small 
ship model has been developed using journal bearing analy- 
sis and design techniques (17) for a bearing length to 
shaft diameter ratic of one. This design procedure is 
presented in Appendix B and shows that a bearing can be 
aesigned for which the torque loas is constant over the 
operating range of the small ship model. 

In regard to the installation of shaft and motor 
bearings, it is anticipated that certain instrumentation 
eonfigurations and a possible slip ring installation might 
eause the slightest redial and axial play in the bearings to 
be intolerable. So-called “preloaded bearings” are used 
for sueh applications; but even these bearings, designed 
at the present state of the art, develop radial and axial 
play from wear and tecentricities. The discrete frequencies 
of ball bearing disturbanees are in the frequency range of 
interest for measurement of the desired quentities. When 
shaft and pearing sizes are selected, the exact frequencies 
ean be determined from information given in reference (18). 

Information concerning the amount cf play which might 
be expected in bearings applied to the small ship model was 


collected from the M.I.%. Instrumentation Laboratory. It 
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was learned that axial play in bearings designed especially 
fox uBpe in missile guidance gyros nas a moasured value in 
the vicinity of two to ten microinches (19). Radial play 
is expected to o¢ approximately of the saxe magnitude. 
Work is presently in progress at the Laboratory to measure 
the actual play in a newer bearing design; values in the 
vVieinity of one-fifth of a microinch for radial play and 
ene-tenth of a micreinch for axial play are expected. 
Although the actual cost informatlon for such precision 
bearings was not available, it is suspected that Lf these 
bearings were required for the small snip model, the east 
would be prohibitive. 

After the shafting system is installed in the ship 
model some unbalances may a€i1)1 cxist which cause excess- 
ive bearing loadings. An Interesting motihed of continuous 
balancing of votating parts is mentioned in reference (20) 

nd is 3 schowa which could te applied to ¢he small ship 
moxie if weight considerations will vermit. The scheme 
consists of three steel balle olaced inelde and free te 
elmgulate within a civ@ulear vim which is sendimallg econ- 
centric with the rotating senber to be balance@. When 
aGriven at high speads, vhe balis quickly sasume positions 
guch that their dynamie efffeet nullifies the residual 


unbalance of the syster. 
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Ce Measurement Syster: 
1. Preliminary 


a. Dynamometer categories 

Having determined the desired dynamometer inputs, 
the next step in the design procedure is to select the 
proper method to measure these quantities. In general, 
dynanmometers fall into three distinct categories: the 
power absorbing dynamometer, the driving dynamometer, and 
the transmission dynamometer. 

1) The power absorbing dynamometer. 

The power absorbing dynamometer is simply a device 
to absorb the output shaft power and to indieate the 
magnitude of the power it is absorbing. In the ship 
propulsion application, however, the power is required 
Go propel the ship by dissipation of energy te the water. 
Since the towing tank represents such @ large reservoir 
for the amount of energy dissipated, it would be impractical 


to measure the power being absorbed, 


2) The driving dynamometer. 
The distinguishing aspect of the driving dynamometer is 
tnat it provides both the mechanical power required and also 
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the measurement of the power. The electric cradied dynamometer 
4g a d-c machine with the field structure cradled in trunion 
bearings. The assembly is free to rotate about the shaft 
except for the restraint provided by springs upon which 

the torque reactions are measured. This reaction type of 
driving dynamometer is promising for torque measurements 

when frequency requirements do not limit the shafting and 
motor welgnts. 

A motor can be used as & driving dynamometer if its 
lesses are known and the electric input is measured. Tne 
total loss can be determined as the sum of the retation loss, 
arwature-resistance loss, and brush loss. For precise 
measurements, the determination of the brush loss becomes a4 
problem. The motor may be either an a-c induction or d-c 
moter. The calibration of an induction motor to determine 
losses, however, is considerably more difficult than that 
of a d-e motor but is practical if not tec much precision 


is expected (21). 


3) The transmission dynamometer. 
The transmission dynamometer is the most versatile of 


the three types because it enables measurement of the torque 
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or thrust transmitted and neither adds to nor subtracts from 
the transmitted energy. <A transmission torquemeter usually 
takes the form of @ special coupling which connects the 
prime mover and the losd without much shaft or machinery 
modification. A transmission thrustmeter takes a similar 
form cannecting the propeller and the point of thrust trans- 
mission to the ship. 

Since the power required to propel the ship is proportional 
te the product of the axial thrust developed by the propeller 
and the velocity of the ship, ne direct power measurements can 
be made. The true thrust, therefore, must be measured by a 
transmission dynamometer. 

Although the torque measurement could possibly be made 
with an electric cradled dynamometer, a d-c driving dynamo- 
meter, or a transmigsion dynamometer, fewer difficulties are 
encountered in the use of the transmission dynamometer. Empana~ 
Sis will be placed on the transmission type in the analysis 
of the measurement system. Weight considerations and brush 
leas eetermination are the particular difficuities which make 


the reaction and driving dynamometers less desirable. 
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b. Seismic instruments versus fixed reference 

instruments. 

In a seismic instrument, the base of 4 mass-sprins 
syatem is attached atthe point where the vibration is 
to be measured, The motion at the point is inferred 
from the motion of the masa relative to the base. In a 
fixed reference instrument, one terminal of the instrument 
ie attached to a point that is fixed in space and the other 
terminal is attached (e.g, mechanically, electrically, 
optically, etc.) to the point whese motion is to be 
measured (22). The seismic device, as it would be utilized 
in this dynamometer, would result in two dynamic systems 
being coupled together, each with its own dynamic response 
eharacteristics. This results in the possible errors in 
the shafting dynamic system being detected and amplified 
in the seismic system. For this reason, a fined reference 
instrument is selected for this dynamometer. The location 


of the fixed reference point remains to be determined. 


ae Aetuating device 
a. Purpose 
The purpose of the actuating device is to convert the 


input forees to the measurable quantities ~~ strain, 
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displacement, veloeity, and acceleration. Strain is 
actually a form ef displacement and will initially be 
treated as such in this development. 

b. Equations of motion 

The differential equation of motion for the single 
degree-of-freedom system with viscous danping, when excited 


by a foree F = Fo sinwt (applied to the mass) is: 


ms ¢ ox + ke = Fe sinwt 


where the force is either thrust or torque, and the displace- 
ment (at this point) ean be either an axial or torsional 
digplacement. The solution to this equation can be expressed 


in the form developed in reference (22): 
RaFe sin(wt - 2) 
x = sien en ste 
The response factor for dispiacement, R,, is the ratio of the 
anplitude of the vibratory displacement to the spring displace- 
ment that would occur if the force F were applied statically. 
Re can be differentiated to produce velocity and acceleration 


response ractors, Ro. and Roe These response faetors are 


expressed as follows: 
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(i = w/a )® + (2 o/c, w/a,)* 


R, = Ryrw/e, 
eye 
R, = Ryew' /w, 


The phase angle 9 418 expressed by: 


2 e/e w/w 
arctan S > 


qo 
3 


or 
1 - (w/a, )* 
where: wo = excitation frequency 
a, = esystem natural frequency 
¢ = system damping 
,,* eritical damping 


Curves showing the dimensioniess displacement factor 
R, a8 a function of the frequency ratio e/e, are plotted 
in Figure 2 on the coordinate lines having a positive 45° 
slope. This figure shows graphically the velocity and 


acceleration response factors, RL and R,, the former referred 
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to the horizontal coordinates and the latter referred to 
the coordinates having a negative 15° slope. Curves of 
the phase angle 9 are plotted in Figure 3. 

C. Selection of measurable quantities 

An examination of Figures 2 and 3 reveais the following 
information pertinent to selection of a measurable quantity: 
1) Displacement measurement requires a high a, Clow w/w, ) 
to suppress harmonic amplitude and phase distortion. 

2) Velocity measurement requires operation near resonance, 
requires high damping, does not treat all harmonics uniformly, 
and would require recalibration for each chenge in operating 
frequency ow. 

3} Acceleration measurement requires a low wo to suppress 
harmonic amplitude and phase distortion. 

Velocity measurement is the least desirable of the three 
quantities discussed and will be dropped from further con- 
sideration for the reasons given above. The high w reguired 
for displacement measurement increases the allowable spring 
stiffness, for a given mass. This results in lower sensitivity 
but good rise time. On the other hand, the low 0, required 
for acceleration measurement reduces the allowatle spring 


stiffness to the point that the effect of added mass and 
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Figure 2. Response Factors for a Viscous-Damped Single Degree- 
of-Freedom System Excited in Forced Vibration 
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Figure 3. Phase Angle Between Response Displacement and Excitation 
Force for Single Degree-of-Freedom System with Viscous Damping 
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damping of the propeller, discussed earlier in this thesis, 
may become a noticeable, and undesirable effect. Therefore, 
the authors have elected to investigate only displacement 
neasuring instruments. 

d. Selection of measurement system natural frequency 

Pigures 2 and 3 indicate that, for any given periodic 
input force, the measurement system natural frequency, wo? 
and damping, c, are the two parameters that determine the 
Ssyetem response. These figures show that, with the damping 
ratio cfc, «= 0, a value of a/o, below approximately 0.10 
is required to prevent magnification of higher harmonics, 
but that no phase distortion or shift oceurs until w/o = L-O3 
and that with e/e approximately 0.55, very little amplitude 
magnification oceurs until af, exceeds 9.1,, but that phase 
shift increases approximately linearly with frequency ratio. 
Bach harmonic of the input signal is retarded uniformly and 
retains the same relative harmonic relationship with the 
other terms; thus there is no phase distortion, but the 
entire response is shifted in time relative te the input 
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The measurements of propeller damping shown in 
reference (23) indicate that the value of c/c, for a 
propeller shafting system 1s low. A method for actual 
determination of propeller damping of a particular pro- 
peller is given in preference (2).). For discussion pur- 
poses in this thesis, ¢/c, will be assumed to be between 
60.9 and 0.1. This damping ratio requires an instrument 
natural frequency of at least ten times that of the highest 
frequency of interest, or, for this design, 2000 cps. 

@. Selection of measurement system configuration 

and determination of displacements. 

The configurations of the propeller shafting and 
measurement systems determine the values of the mass and 
moment of inertia terms appearing in the virdious equations 
of basic vibration theory to be used. Having selected an 
actuating device natural frequency, a determination of the 
masa and moment of inertia essentially determines the 
allowable stiffness of the actuating device. The etiffnesas 
determines the magnitude cf the measurable quantities, 
axial and torsional displacewpent. 

Before the confinurations can be selected, however, the 


position of a suitable fixed reference must be considered. 
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This consideration Involves the possible interdependency 
ef the propulsicn system and the measurement systen, 

As ¥. NM. Lewis points out in reference (25), the 
dependency of this point on the dynamic properties of 

the model must be made as smmll as possible. Ideally, 

the reference point must be located so that it has the 

least possible effect on the measurement. Two possible 
thrust measurement configurations are considered: 

1) Measurement of the displacement of the propeller 
relative to the model hull considering the hull as 
the fixed reference point. 

2) Measurement of the displacements ef one end of the 
propeller shaft relative to the other end considering 
the end of the shaft nearest the thrust bearing as 
the fixed references point. 

These configurations will be analyzed with the assistance 

of Figure lh. 

In Figure k(a), the reference point is on the hull; 
in Pigure i(b), the reference point is on the propeller 
shait forward of the measurement system actuating device. 


In both ¢cases it is desired to make the measurement of 
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measurement system actuating device stiffness 

desired input force magnitude 

excitation frequency of interest 
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displacement, x, b@ an accurate measurenent of the desired 
input force Fe. In theory, this could be done through proper 
selection of system parameters; however, the presence of a 
positive displacement in the thrust bearing influences the 
measured displacement. This influence can be analyzed by 
conéidering the case of a mass-spring system with excitation 
applied to the end of the spring. As shown by Den Hartog 

in reference (26), the disturbance does not change the spring 
length when the bearing disturbance frequency, Wy» is much 
lower than the natural frequency of the mass-spring systen. 
Thus, the bearing disturbance “sees” the mass and spring as 
a stiff rod. Since the bearing disturbance is one of posi- 
tive displacement, motion must occur somewhere in the systern. 
In the model shown with the reference point on the hull, 

this motion produces an errer in the measurement of displace- 
ment. The fraquency of this motion, being in the same range 
as the frequency of interest, wakes the desired and distur- 
vance forces indietinguishable. In the model shown with 

the reference point on the propeller shaft, the disturbance 
motion dees not affect the measured displacement, but may 
produce the propeller added mass and damping effect previouely 


discussed. 
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If the bearing disturbance frequency is near the 
pass~-spring natural frequency, motion oceurt across the 
epring. With the reference point on the hmll, this 
motion willl not affect the measured digplacement if the 
disturbance motion is absorbed by the spring and does not 
affect the mass. For the case of the reference point on 
the shaft, this motion does affect the measured displacement 
but haa a frequency sufficiently above the desired force 
frequency that it may be discriminated. 

From this analysis, the authors conclude that the 
aclection of the analytical model with the thrust measurement 
reference point on the propeller shaft is preferable. 

The proper loeatieon of the reference point for torque 
measurement is dependent upon the type cf transducer. A 
general censideration, however, is the fast that any lateral 
mytion cf the shaft may influence the weagurenent. This 
metion could be caused ty @ change of eahaft position in the 
support bearings, eccentricities in the shaft, or dynamic 


deflecticn caused by whirling. 


The preliminary determination of the &licwable actuating 


device atiffnese for thrust and torque mensurement is made 
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from equations (1) and (2) which relate the paraeeters -- 
méaaurcment system natural frequency, stiffness, and mass 


or wwoments of inertic. 


(thrust ) (2) 


uf = wae ee (torque ) (2) 
Assuming a value of m = 2.5 oz. and I, = £$OO x x07! in. ib. 
aec.* (includes propeller, propeller hub, entrained water, 
some shafting, and possibly part of the actuating device), 
a value of I, = 720 x 10°'in.1b-sec.” (mainly that of a 
Buitable flywheel), and sith the value of ®, = 2000 eps 
previously selected, the following values are cbhtained: 


k, = 63,900 Inn, (thrust) 
 * 4.060 in.-lb. /radian {torque ) 
« 65,090 in,-o2./radian (tongue) 


The measured displeacenents are obtained from equations (3) 


and () for the various timeout forces of interest determined 
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in the Input Section of this paper. 


x 2 i (3) 
p = iS (4) 


These values of displacement are (assuming a single spring): 


x x 5,0 microinches (thrust = 0.32 lb.) 
x 0,05 microinches (thrust = 06,0032 1b.) 
Z= 20.3 x 107° degree (torque = 2.3 in.-oz.) 


? 


wi 
0.081 x 10 - deazree (torque = 0.0092 in.-oz.) 


These values of dieplacement are intended te be repre- 
sentative only and are entirely dependent upon the system 
configuration and analytical models upon which equations 
(3) and (2) are based. Appendix C presents the detailed 
eonsiderations for these configurations. in an actual 
preliminary design of a dynamometer this cycle would be 
repeated and refined. This refinement, or optimization, 
procedure would involve various compromises such as sensi- 
tivity versus actuating device stiffness, system stiffness 
versus system mass and moments of inertia, and natural 


frequency versus harmonic amplitude and phase distortion. 
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f. Selection of spring types and determination 
of strains 

The use of deflection of a spring element or the 
strains deveicped in the epring as a weasure of the applied 
terque and thrust has been established. The deflections 
were determined by the dynamic analysis in the preceding 
sections, and transducer configurations are determined in 
the following sections. In order to determine the strains, 
however, these deflections must be applied to a particular 
aetuating device. 

Desirable spring characteristics fer strain determination 
are: low hysteresis, repeatabiilty, low thermal sensitivity , 
and linearity. These characteristics are obtained not only 
by the selection of a sultable configuration, but by the 
proper seleetion of spring materials and possibly by previding 
&® controlled environment in which the actuating device operates. 

There are wany different types of actuating devices 
available. Seismic mass and spring types have been @lirminated 
by the authors. Bellows, dlaphragms, sheft rotations and 
rectilinear motions, proving rings, and cantilever beams 
are posaible types to produce @ measurable str@in. The low 


values of the desired quantities force the selection of 
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those types producing the greatest strain. In general, 
cantilever beams provide greater strain amplification 
than the walls of a thin cylindrical test section. Both 
types are considered, however, because four previous 
attempts to design a sensitive dynamometer utiitized a 
thin wall section (8,9,10,11). 

Diaphragms are also considered for use as actuating 
Gevices in conjunction with several transducer types. 
References (27) and (23) sheuld be eonsulted for specific 
design details and analytical methods. 

The following equations relate the various parameters 
involved in the determination of measured strains: 


1. Thrust measurement 


% L> F 

mo oaty (cantilever beam) 
— re (cantilever bear) 
Fa o A (cylinder ) 

Es —- (cylinder) 


EY me 





Z: 


Torque measurement 


GI 
J = a (cylinder) 
O= aa ~ 0:8 12) (2 +o) (cylinder) 


p 


where: 
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axial displacement 

thrust 

cantilever beam length 

Young's modulus 

moment of inertia of beam cross-section 
axial strain 

beam half-thickness 

axial stress 

cylinder cross-sectional area 
torsional displacement 

modulus of rigidity 

cylinder polar mount of inertia 

torque actuating device length 
torsional strain 

torque 

torque actuating device maximum radius 


Poisson's ratio 
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A procedure for the use of these equations te determine 
actuating device parameters and representative valuea of 
strain in shown in Appendix C. Representative values of 
strain for thrust measurement, using a four cantilever 


configuration, are: 


« 2,21 microinech/inch (thrust » 9.32 lb.) 
= 09,0221 mieroinch/inch (thrust = 0.0032 lb.) 


The designer of a specific type actuating devices will 
find a comprehensive survey of torsion and flexure device 
theory, design, construction, and use in references (29), 


(30) and (31). 


3. Transducer and Signal Conditioners 

At this point of the preliminary design of the 
sensitive propulsion dynamometer, the probiem has been 
carefully defined and a detailed description of represent- 
ative measurable quantities has been given. The selection of 
a transducer and its associated signal conditioners to con- 
vert these measurable quantities to a readable siztral is 
usually a compromise among such factors as cost, availability, 


basic simplicity, reliability, and low maintenance. The 
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megnitudes of the desired quantities for the small ship 
model are so small and the frequency requirenents so 
atringent, however, that specific consideration must 

be given to more than just instrumentation which has 
been used for measuring quantities of greater magnitude 
or less atringent frequency requirements. Thus, many 
of the above factors may have to be sacrificed for even 
a@ means of effecting the measurements. 

It is evident from the nature of the quantities 
developed by the actuating device that the use of 
transducers which convert these quantities to their 
electrical analogs has important advantages. These 
advantages are: 1) The mechanical and electrical 
transducer principles are inherently compatible. 2) The 
transducers are usually susceptible to miniaturization. 
3) Amplification or attenuation may be easily obtained. 
i) Mass-inertia effects are minimized. 5) Remote 
indication or recording is feasible. 

At the outset of the search for the suitable trans- 
ducer, the authors were quite unfamiliar with transducing 


techniques and the associated signal conditioning. Because 
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of this unfamiliarity, many techniques were investigated 

to great lengths in pursuit of sufficient understanding 

upon which to evaluate their application to the small 

ship model. Much time, in fact, was spent evaluating 
techniques which, to the experienced instrumentation 
designer, would have been obviously unsuitable. In 

most instances sufficient information on which to base 

@ complete evaluation was net available in the transducer 
references. Original souree articles were consulted but 

the applications reported, though helpful, were for the 
measurement of much larger displacements or for less 
stringent frequency requirements. Extensive investigation 
of this nature still revealed no conclusive evidence that 

the desired measurements could be made. It became evident 
that in order to effect the measurementa, techniques 
developed at or near the state of tne art would be necessary. 
Thus, the authors made inquiries at the M.I.T. Instrumentation 
Laboratory where it was believed that current experiment- 
ation in the field might possibly be in pregress and such 
information could be obtained. 


ahi 


















wer “om, » 
aoncns 
rem may 4. 
penlnay we 
wu 
a 
noon comes 
a wena rs 
- veer, th ake 
hadi ’ ms 
mn ve myhome Sp | 
rang pray 
Av ehiog ] = = ee 8 te 
| * 3 
= : ua te ele a | 
foment wat ‘ whet eye “ 
~ coe ete np: aah 
| leases 
' tov 
—s 




















Mechano-electrical transducers may be classed 
into four main groups: variable parameter analog, 
self-generating analog, frequency or pulse generating, 
and digital. Analog transducers are those which produce 
an ¢lectrical output that is a preportional continuous 
measurement of the input parameter variations. Pulse 
rate transducers are those which produce voltage pulses 
whose frequency or random pulse generation rate is pro- 
portional to tne input parameter variations. Digital 
transducers are those which produce a unique coded current 
or voltage form for each discrete value sensed. As the 
input parameter varies, new values of the coded signal are 
generated by the transducers (13). 

Thre principles of operation of the transducers 
investigated within each of the four main groups are 
briefly described in Appendix D. This Appendix is presented 
with the intention that it would give the reader a familier- 
ity he may not already possess. The specific transducer 
references given in the Appendix should be consulted, 


nowever, where specific details are desired. 
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The signal conditioner provides the necessary link 
petween the transducer and data readout equipment and 
ineludes all system elements that are used to perform 
necesaary and distinet operations in the measurement 
seguence. The means of signal conditioning may be 
¢lassed as input modification and instrumentation 
amplification. Methods of removal of the signal from 
the shaft, although not means of conditioning the signal, 
are a necessary link and will be diseugsed with signal 
conditioners. Input modification may accomplish any of 
the following: conversion of the cutput into a voltage, 
current, or digital code; straightforward amplification 
of the transducer output; filtering out of unwanted fre- 
quencies from both transducers and associated circuitry; 
and impedance matching or signal attenuation. Instru- 
mentation amplification comprises the mostly comnonly 
used signal conditiening circuits and smy be amplifica- 
tion of total amplitude, a-c component only, d-e level 
only, or either Amplitude Modulated or Frequency Medu- 
lated carrier type. Modulation is widely used te simpli- 


fy the amplification of d-e or low frequency signals. 
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& brief description of signal conditioning devices 
and applications is given in Appendix E. This Appendix 
is also presented with the intention that it would give 
the reacer a general familiarity with signel conditioning 
devices. The references givmshould be consulted where 
specific detaiis are desired. The methods of signal 
removal are discussed in Appendix F. 

The transducers which show particular promise for 
application to the emali ship model or which were the 
Bpecific subject or recommendation of past theses, along 
with their associated signal conditioners, are analyzed 
in thie section. 

a. Strain gages 

Strain gages are widely employed to reasure the 
axial and torsional forces in a rotating anaft. Four 
attempts have been made at H.1I.T. to utilize strain gage 
techniques to measure the torque and thrust developed by 
& small ship modei (8,9,10,11}. For these reasons, strain 
gages nave been analyzed to determine their applicability 
to the sensitive propulsion dynamometer. 

Various strain gage actuating devices confiscurations 


may be used. Several configurations are diaeussed and 
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analyzed in Appendix C. This analysis produced the 
following representative values of strain developed by 
the desired input thrust: 


«x 2,2 microinech/inch (for T = 0.32 lbs.) 
s 0.0221 mieroineh/inech (fer T = 0.0032 ibs.) 


These values of strain are not to be interpreted 
as final values. Even if they were final values, the 
strain gaze itself would prebably not "see" these values 
due to such effects as bond stiffening and cross-sensitivity. 
Strain gages are generally used most advantageously 
in a Wheatstone bridge cireuit. The maximum possible 
bridge constant is l) (four active bridge elewents). Typical 
values of strain gage factors, &.F., ares 
G.F. = 2.0 for foil type bonded atrain gages 


G.F. = 100 for piezoresistive (semiconductor) 


strain gages 


"Tne value of the bridge circuit output voltage per 
volt excitation is obtained from the analysis procedure 


of reference (32): 
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= (G.F.)(€) 


Ir 


= 0,00) my Verq, (nighest thrust of interest, 
foil gage) 


= ,0000L av . (lowest thrast of interest, 


exe 
foil gage) 
= 0.22 mv/V,,.°(highest thrust of interest, 
semiconductor ) 
= 0.0022 uv/V,,.- (lowest thrust of interest, 


semiconductor) 


The resultant signal veltage is dependent upon the 
excitation voltage applied to the oridge circuit. The 
limitation on excitation voltage for any strain sage is 
its heat dissipating capability. The strain gage mounting 
surface must act as an effective heat sink in order to 
operate with the higher currents produced by higher applied 
voltaces, Semiconductor strain gages, in addition to having 
higher sensitivities, can be made with higher resistance 
Yalues than foil gages which enables them to be excited 
by higher voltages. Semiconductors, however, are extremely 


temperature sensitive, that is their sensitivities change 
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with temperature variations. This effect can be reduced 
by properly incorporating them into a temperature compen- 
sated bridge arrangement, as discussed in most strain 
gape texts. 

In addition to the configurations presented here, 
Mason and Thurston (33) show the results of the use of a 
Small experimental, single-crystal, n-type germanium 
torsional transducer which acts as its own actuating 
device. Their reference to the “negligible angular dis- 
placement of the transducer itself", under applied torque, 
does not define the spring constant of the crystal; but 
to use an equally vague expression seen frequently in the 
literature, the crystals, in general, display very high 
natural frequencies. Mason and Thurston do, however, 
present the experimentally determined output voltage- 
torgue characteristic which shows an output of approximately 
0.08 mv per inch-ounce of torque. They also measured values 
of torque down to approximately 0.28 inch-ounces. There 
was no indication given as to the accuracy of these low 
values, but the values are in the same range of magnitude 


as the mean torque developec by the smali ship model. This 
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technique merits further Investigation into its applicability 
to the measurement of the small ship model mean values of 
torque. 

Unbonded wire strain gages also find wide application 
to measurement devices. Reference (3) explains an applica- 
tion in a flush-dlaphragm 


wire acts as its own spring. This, however, requires a 


pressure transducer in which the 





certain amount of pre-tensioning of the wires which reduces 
their sensitivity. The sensitivity reported is in the same 
range as that given for foil type bonded strain gages. 
Reference (27) states that strains of one microinch/ 
inch are detectable with ccrmercial equipment. If this 
can be interpreted as being the lowest resolution obtainable, 
it becomes evident that strain gages are unguitable for 
meagurenent of the small forces developed by the small 
Ship model. This reference may, however, have been made 
to the capabilities of strain sages other than semiconductors. 
Tne authors found no other current reference to the lowest 
values of strain detectable to clarify this point. 
As pointed out, strain gages are generally weed in a 
bridge circuit. If siiprings are utilized to trangemit the 


68 














% Wed cae endo tae Came eet 
—— —_— — oe OO EEE 
melee ave Cllr Gi) e8le some edeete wety Bode 
“sO ae ae omen snee (AC) COMP IRE eepen vo 
<2 I oS temas orem samt im 
2 ES ETT are 

ee chime eecke at) U2 prino 
sa sical lh Milntaarg ana rive 
orem obs Sebrws egy? Lied a Gbrig 6 
yew rete ent by eierie dane teteve [T) & 
Orth) Th penile ievéoeeme able ois 
(OUR MEMEs wlth dhaet eet go bel as) 
Lie a Of Seeeteved sores thee Aen te 8 

ye wre) Gut fc'We Ome heehee TO OF 

21th Sl we Te CRD SO Ge ttre ] 
_o=tom (ant Des oF © cuerewem aaowre te ames 
5 ome Ta 28: TE ere? sire bneenE af 
oe) leew at deecdive mer Quemsgi/e 2 6eOreEee 











- 5 


signal off the rotating shaft, the variations in slip- 
ring resistance can be as great as the variations in the 
strain gages themselves. The current flow through the 
lege of a bridge is higher than the flow in the output 
circuit. For this reason, the full bridge must be located 
on the rotating shaft with the slipring in the external 
circuit. This is discussed in more detail in Appendix 
F, along with other methods for removing the signal 
from the rotating shaft. 

b. Linear Varlable Differential Transformer (DVDT) 

The principles of operation and the techniques for 
the use of LVDT's are very thoroughly discussed in reference 
(35). Bortner and Stabile (8) atterpted to apply this 
gevice to the measurement cf thrust in & sensitive pro- 
mulsion dynamometer. Their work indicated that an LVDT 
say be suitable for measuring the mean values of thrust. 
They obtained fairly good sensitivities, however, by 
using a very soft spring, totally unsuitable for the mea- 
surements of the thrust variationa. In addition, their 
spring configuration was unsatisfactory due te the sone 
linearities in its output. Possibly a metal diaphragm 


would have been a more suitable actuating device. Their 
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general configuration, however, will be the one selected 
for this discussion. 

Reference (35) states that the movable-core differ- 
ential transformer pickup sensitivity varies «ith the 
earrier frequency of the current in the primary coil. Por 
application to this design, tne carrier frequency must be 
at least 2000 cycles per second, or ten times higher than 
the highest frequency of interest. For this carrier fre- 
Guency, a Schaevitz Medel OSOHR LVDT has a sensitivity 
of 0.003 millivoeit per miereinch with six volts of excita- 
tien (36). This would produce an output aignal of 0.015 
willivelsS fer the highest mean thrust of interest, and 
0.90015 millivolt for the lowest value of interest. 
Reference (37) claing a vensitivity of 0.3 millivolta per 
Mieroineh displacesient with 2) volts d-c excitation for 
a DC LYD?. This would produce an output signal of 1.5 
mililiveits for the highest mean thrust and 0.015 millivolts 
for the lowest value of interest, 

These values can now be compared to the variation of 
voltase due to sliprings of the type discussed in Appendix 


FP. & low noise slipring is discussed whieh has a variation 
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of 3 milliohms resistance. Reference (37) states that 
excitation input current 1s 25 milliamps for the d-c 
transducer. This produces a voltage fluctuation of 
0.075 volts which swamps all the above mentioned signal 
voltages except that put out by the DC LVDT for the 
highest value of thrust. This problem may possibly be 
circumvented by the use of some of the techniques pre- 
sented in Appendix F. 

Lion (38) stated, in 1959, that the smallest dis- 
placement to be detected with an LVDT was in the order of 
107° inches. Since it is not know if this statement was 
made after the development of the DC LVDT just discussed, 
Gisplacements smaller than 107? inches be detectable. 

c. Variable inductance 

The most promising variable inductance device for 
application to the small ship model is that in which the 
reluctance of a smajil air gap in a magnetic circuit is 
changed by displacement of the actuating device. This 
principle has been used successfully for measurements in 
large models (6) and with varying degress of success in 


the small ship model (12). 
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The “magni-thrust” and “magni-torque” elexents, 
described in reference (6), ave a basic design for DTNB 
teansmission dynamometers. These elements, like the 
magnetic~-coupled torquemeter deseribed in reference 
(39), do not require sliprings. The colls in whieh the 
varying inductance is detected completely encirele the 
shaft and the magnetic return paths are through encaging 
shelis cf magnetic material and across the radial air gaps 
between the stationary colis and the rotating shaft. Since 
the radial air gaps have a full circumferential area, which 
is large compared te the area of the active air gaps, the 
variations in the radial air gaps are negligibie compared 
to the variations in the active air gaps on the shaft. 

Rickette and Plaherty (12) designed, censtructed, 
and tested a variable reluctance device for measuring 
thrust on the small ship medel. The device, requiring 
Blip rings, consisted of two coils wound inside Ferroxcube 
pot cores which were spring mounted on the rotating shaft 


in suth a manner that the thrust eaused an increase 
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in the air gap of cone pot core and 4 decrease in the air 
gap of the other. Each of the varying inductances was 
placed ina separate resonant circuit whose frequency 
was Gependent on the values of the inductance. The 
difference in the frequencies of the two resonant circuits 
wae arn indication of the thrust developed. Test results 
of this device showed a hish overall sensitivity of 903 
mMilLlivaltse per pound af thrust. 

The authors are unable to place much ¢cnfidence in 
the high value of gensitivity of the Ricketts and Flaherty 
device since neither proof of a correct spring conetant 
was given nor was the sensitivity obtained through dynamic 
calibration. Tne Ricketts and Flaherty developments for 
applieation of the principle to the small shio model for 
mengurement of thrust and a proposed configuration for 
measgurenent of torque are exesllent and should be consulted for 
transducer and signal cenditiscning techniques in application 
cf the variable reluctance principle. A configuration was 
aise proposed which incorporated the Ferroxcubée cores with~ 


cut a@lip rings; however, the design was such that the fixed 
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reference point was off the shaft. For reasons previously 
discussed, such a configuration is unacceptable. 

In the search for further evidence on whieh to evalu~ 
ate the use of a variable reluctanes device, several 
sensitivity figures were found, According to reference 
(ko), a typical E-magnet angular displscement receiver 
havire: a volume of two evbic inches and a weight of six ounces 
ond excited with a 69 eycle per second, 50 milliampere 
current. operates over a range of input angles of 0,1 
radion with an open-circult angle-voitage sensitivity 
of 300 millivolts per milliradian. Referred te the angular 
twist developed by the mean terque and the arallest torque 


variation of interest, 


EB, (open circuit voltage) =< 6.10 mv (Q = 2.3 in.-oz.) 
« 9,00042 mv (Q = 6.0092 in.-oz.) 


Axial and radial play in bearings are presently being 
meapured at the M.I.T. Instrumentation Laboratory using a 
"nagnetic suspension” device with a sensitivity of 2.2 
millivolts per microinch. Referring this sensitivity te 
the torque and thrust values of interest: 
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EB, = 11.0 mv (T = 0.32 1b.) 
= 0.11 mv (7 = 0.0032 lb.) 
= 17.5 mv (Q = 2.3 in.-oz., r = 1/2 in.) 
= 0.07 mv (Q = 0.0092 in.-oz., r = 1/2 in.) 


In the work at the Instrumentation Laboratory, resolution 
of displacements of approximately one-tenth of a micro- 
inch is expected. The signal conditioners used for these 
measurements are not known, but the fact that the measure- 
ments are being made in this range, although in the 
Laboratory, is encouragement that at least the mean values 
of thrust and torque might be measured. 
Gd. "Geared torque dynamometer" and similar 
configurations for torque and shaft rotational 
velocity measurements. 
Ricketts and Flaherty (12) also presented a “geared 
torque dynamometer" configuration for measuring flexure 
twist angle. The twist angle was to be measured as the 
phase difference between the digital outputs of two magnetic 
pickups actuated by multiple toothed gears placed on opposite 
sides of the flexure. The authors believe, and the following 
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development shows, that the expectations of the ‘geared 
wometer" were overly optimistic. 
Using the circuitry proposed for the configuration, 





the frequency of the output of the magnetie pickups repre- 
sents the frequency at which the torque variations would 
be Saupled. Practical sampling theory requires that this 
frequency be at least ten times the highest frequency of 
interest. Since the sampling frequency also equals the 
munber of gear teeth times the shaft rotational velecity, 
the number of gear teeth required is calculated as fellows: 


Sampling frequency = 15 = highest frequency of Interest 
= Ghaft rotational velocity x 


rnanbexr of gear teeth 


Substituting values frem Table II and selving, 
Number of gear teeth required = 10 x 209 ens /20 rps 
= 100 teeth 


A procedure for determining the optim tooth size 
and spacing for the maximum output of a mpegnetie pickup is 
given in reference (41). Using this procedure and the 
@mallest pole piece commercially available, the follewing 
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gear and pickup dimensions were calculated: 


Maximum gear diameter 2 in. {medel restriction) 
Width of gear teeth 0.91597 in. 
Gap between teeth O.O471 in. 
Height of teeth O.0471 in. 


Thickness of gear disk 0,00 in. 


ie use of this gear further requires that the pele piece, 
0,040 inchea in diameter, be macnined to a ehisel point of 
9.0157 ineh thickness. The dimensions of the sear and the 
pole piece are obtainable, but the manufacturing tolerances 
are critical. The teeth must oe spaced exactly uniformiy on 
the circumference of the gear disk and the two gears must be 
identical. A variation of only 0.14 mieroinch in the width 
between two adjacent teeth will produce a torque variation 
equal in magnitude to the smallest torque variation of 
interest. For accurate measurements of the torque varia- 
tieng, such allowable tolerances in the mmchining of the 
gear teeth would produce 150 o/o error. So-called precision 
digital gears, currently being used in work at the H.1I.T. 
Instrumentation Laboratory, have 415 teeth on a disk ef 
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1.683 ineh diameter, These gears are generated by 

Avoh Gear Works, Quincy, Massachusetts. A represen- 
tative of that company stated that the composite error 
between teeth can be centrolied only within 6,002 inch 
and the reundness of the gear to a tolerance of 50 micro- 
Anehes. Thus, tolerance considerations alone discount 


meter" for effecting 





using the "geared torque dynam 
measurement of the desired quantities. 

The photoemiasive cell or photetube could also be 
used in a digital configuration sinilar to that of the 
"geared torque dynamometer”. The phototubes sould receive 
light energy reflected from wirrored surfaces on both 
aides cf the shaft flexure element. The number of sur- 
faces and the tolerance of these surfaces, however, would 
require precision machining equal to that required for 
the gears. 

Another similar configuration might use the photo- 
conductive cell to measure variations in light intensity 
causged by angular twist of the torque flexure. The light 
intensity would be varied by the angular twist between 
two shaft-meunted disks in whieh either redial or spiral 
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grates were cut. This method may show promise for application 

to the small ship model and shewid be investigated further. 
Probably the simplest wethed of measuring shaft rotational 

velocity is to count the pulses generated as an electro- 


gnetic gear passes a magnetic pickup. The output of the 





picinup can be fed directly to an electronie counter, or 
through a frequency to voltage device to a recorder. The 
eutput of a 15 tooth gear can be multiplied by four to get 
revolutions per minute. A similar velocity pulse arrange- 
ment could be devised using photoelectric devices. The 
aceuracy of the velocity measurement can be improved by 
inexv¢aging the musber of teeth on the gear. 

@. Pileeoelectric transducers 

Fiegeelestric crystals have sensitivities up to 
about 5 millivolts per mieroinch. A stress resulting in 
@ strain of 107° 


as 0.2 volts (22). These high sensitivities make then 


mirroinch per inch may preduece as much 


worthy of investigation for their applicability to this 
dynamometer. 


Piegoclectric cliements usually aet as part «of the 


actuating device. Their fundamental natural frequency 
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may be aS high as 100,009 eycles.per second, but the 
natural frequency of most cemmercial plezoelectriec trans- 
@Gucers is between 25,009 and 75,000 cycles per second. 
Damping is quite low, about 9.002 te 0.22 of eritieal (22). 

Output impedances are usually in the range of 1909 
6 10,050 micromicrofarads of capacity. This capacity and 
the input resistance of the signal conditioner to which 
the device is attached limit the low frequency response of 
the transducer. This high output impedance requires that 
the output be fed directiy into a device euch as a cathode 
follower, or other high ivpedance device, for the measure- 
nents of vibrations in the range of those developed by the 
small ship model. 

Single plezoelectric exystals can be eut with the 
appropriate orientation and electrode application to 
arable them to be used for either flexing or torsional 
movenents. However, in any propulsion dynamometer con- 
figuration, the crystals would be required to transmit both 
torque and thrust. The directional sensitivity of these 


deviees would have to be determined with extreme care, since 
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even amall amounts of cross-sensitivity would result in 
Significant errors. 

Piezoelectric properties vary according to whether 
the applied load compresses, bends, or twists the ele- 
ments. Lion (36) discusses various configurations and 
indicates that the elements have a higher sensitivity, 
at the expense of mechanical resonance frequency, when 
used ag bimerphs (trade name of Brush Electronics Company),, 
Bimorphs are termed either benders or twisters, depending 
upon their applicaticn,. 

Using the methods outlined in Harris end Crede (22), 
the authors calculated that the spring constant of a 
representative barium titanate crystal subjected to com- 
pression leading would be approximately 9.9 x 10° pounds 
per inch. Draper (1,0) states a representative value of 
sensitivity of 5 millivolts per microinch for a compression 
loaded piezoclectric transducer. If a thrust measuring 
configuration were to use a transducer with tnese charac- 
teristics, the highest thrust of interest would produce 
% dieplacement of approximately 0.932 microinches and 


a eignal voitage of approximately 0.15 willivelts. Since 
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this actuating device stiffness is 150 times higher than 
required by the dynamic analysis discussed earlier, a 
bimerph bender configuration with its decreased stiffness 
and hisher sensitivity would seem more appropriate than 

a compression device. However, Draper states that a 
typical bender sensitivity is 0.25 millivolts per microiijich 
displacement. This appears to contradict the arguement 
presented in favor of benders. The apparent contradic- 
tion may be due to the use of aifferent matertals, ele- 
ment sizes, or signal conditioners. 

The authors! anelysis of piezoelectric transducers 
is not sufficient to properly evaluate their application 
to the small ship model sensitive dynamometer. Investi- 
gations into current lsboratory techniques in the use of 
these transducers may reveal additional information on 
wniich such an evaluation could be made. 

f. Variable capacitance transducer 

The output cf a displacement-sensitive cavacitance 
transducer is proportional to the change in capacitance 
caused by the relative displacement between a conducting 


plate and the actuating device. Appropriate signal 
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conditioners are used to generate a voltage corresponding 
to this change in capacitance. Sinee ehange in capaci- 
tance with respect to plate separation is the most sensi- 
tive, only that type is considered for application te 
measurements in the sm@li ship model, 

Harris and Crede (22) state that the main advantages 
ef the capacitance transducer are: 1) simpiteity in 
installation, 2) negligible effect on the operation of 
the vibrating system, 3) extreme sensitivity, 4) wide 
Gisplacement range, and 5) wide frequency range. The 
disadvantages of the transducer are: 1) inherent complexity 
of associated signal cenditioners, 2) relatively large 
output impedance which requires careful shielding and 
shert connecting cables, and 3) nonlinearity in the 
relationship of the ovtput voltage to mechanical displace- 
mont. In spite of these disadvantages, nowever, the 
advantage of extreme sensitivity alone places thie type 
of transducer as possibly the most promising type for 
effecting the desired measurements. Lion (35) states 


that these transducecs have been used for the measurenent 
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of displacements as sre@li ag about one-tenth of an angstrom 
unit (). x Toe inch). 

Before the transducer can be applied to the small 
ship model, correction of the disadvantages must be con- 
sidered. The principal sources of the nonlinearity (22) 
are: 1) the effect of fringing in the electric field 
between the capacitor plates, 2) the fact that the capa- 
Gitance iz inversely, and not directly, sropertional to 
the spacing, and 3) the electric circuit associated with 
the transducer. 

The effect of the fringing depends to such an extent 
upon the transducer plate design and ite shielding that it 
38 @ifficult to determine analytically. Fringing effecta 
Should be cheeked experimentally for each installation. 

The capacitance variation, which is obteined when 
the tpacing between the plates is changed, is not a linear 
funetion of the spacing. This can lead to serious distor- 
tion in the output in cases where the minimum displacement 
which must be resolved is leas than about one per cent of 
the maximum displacement. For the application to the 
serail ship model, the minimum displacement which wust be 
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resolved is the maximum telerable error ghewn in 
Pigure 1. That value for accuracy within 4 9.25 
per cent is 23.0 x 107” in.-o2. for torque und 
5.0 x 107° 1b. for thrust. These values are auch 
legs than one per cent of their respective wean values, 
0.97 in.-oz. and G.135 1b. given in Table ITI. In order 
to obtain a maximus tolermbie error value thet is ene 
por cent of the mean values, the aceurecy must be 
relaxed such that error in greater than the variation 
to be measured. As shown in reference (42), however, 
the linearity of the eanpacitor can be ieproved by 
inserting mica, a naterial with a high dislecétric cen- 
stant, such that it partially fillis the gap. The correct 
thickness to obtain linsarity is found by sethedical 
experimentation. The addition of the mies impreves not 
only the linearity, but gliso the frequency reaponae, oy 
adding damping, and the robustness of the devise, by adding 
insulation, 

The magnitude of the output impedance depends on the 
frequency of the alternating current used for the deter- 


fination of the espacitance, for practical casts 
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(capacitances of the order of 15 tc several hundred 
upk), the output impedance is in the range between 
10° and 10! ohma. The magnitude of veth the output 
signal and the output impedance may be changed by 
series and parallel capacitor circuits, but such 
modifications are always accompanied by a reduction 
of the signal (38). 

The dynamic response characteristic of capacitive 
transducers, as well as hysteresis, mechanical after 
effects, and drift, and the influence of the environ- 
mental temperature and pressure upon the transducer 
performance are all determined by its mechenical eon- 
struction rather than by its eleetrical characteristic. 
The source of the greatest mechanical diffieulties 1s 
frequently the insulation employed te hold the plates 
in position. Capacitive transducers have been used for 
a wide variety of measurements of physical magnitudes 
and details of the censtructions used are described in 
references listed in the capacitance olbliesgraphy of 
reference (22). Most of these references were read by 
the authors and found to be excellent application 


examples. 
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The minimun resolvable displacement is virtually 
anlimited, depending only on the maximum pickoff area 
Which can be used and the scinimum air gap which can be 
gometructed. Roberts (42) states it le not feasible 
in practice, hewever, to use analler gaps than 2.001 
ineh. He also discusses @ push-pull configuration 
@mploying three plates, one moving and two fixed, by 
whieh ceasurement is made in terms of thé ratio of the 
two capacitances, one inereasing and the other decreasing. 
So long as the ratic between then is unchanged, changes 
in the value of the capacitance from thermal expansion 
of the parts or from changes in the dielectric are of 
little consequence. 

in general, greatest overall stability is psssiole 
using the balanced bridge cireuit to convert tne change 
of capacitance to a voltage. The size of tim capacitive 
elements, however, complicates placing and balancing the 
elements on the rotating shaft. It may appear that only the 
active element need be placed on the shaft since variations 


in the resistive component of the inpedunce, centributed 
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by the sliprings, would have negligible effwet on the 
Value of the impedance, which ia contrelied by the eapa- 
Gitance reactive component. Capacitance in the aliprings, 
gpussibly in the order of picofarais, way be of the sane 
order az the variations of the capacitive element. The 
bridge, therefore, must be placed on the shaft and one 

of the methods of signal removal frem the shart must be 
employed. 

A thrust configuration enploying a capacitive trans- 
ducer end a resonant eircuit on the shaft is shewn in 
Figure 5. The method of signal removal from the shaft is 
oy & rotary transformer arrangement, thereby elininating 
the need for slipringes. The clreuit is ac designed that 
6@ variation in the sapacitor air gap causes = capacity 
@hich in turn modifies the resonant frequency of the tuned 
gireult. when this frequency changes with respeet to the 
Pixed-frequency oscillativn of the excitation supply, the 
associated electrical circuits preduce 6 yoltage change 
that is pieked up by the inductively coupled windis nd 
then rectified. Thia rectified voltage is the out, 


Signal ef the thrust transedueer. The effects of variations 
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Figure 5. Possible Variable Capacitance Transducer and 
Signal Conditioner Configuration for Thrust Measurement 
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in the sap cf the inductive coupled sligring 
future investigation. 

Torque configurations using similar principles can 
be devised, One such configuration might employ capa- 
eitance tranaducers on the circunmferenee of a torque 
flexure. Thus, the angular twist would vary the plate 
separation in the same manner as the push-pull arrange- 
ment d@seeribped, A serrated-capacitor type tranaducer, 
deseribed in reference (3), might alec be modified to 
apply to the small ship model. 





&. Eleetron tube transducer 

Tne electron tube transducer is a variable resis- 
tance device in which a voltage shange is developed when 
the relative spacing between the movable plate and the 
fined grid is changed. The change is actuated through 
euitabvle linkage between the actuating Gevice and the 
shaft supporting the plate of the tube, Tne transducer 
has several principal disadvantages for application to the 
$mall ship model: 1) unpredictable “zero ¢rift", 2) “zero 
enift’ fellowing impacts of short duration, and 3) difficulty 


in hermetically sealing auch that controlled vibrationa can 
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be transferred. In spite of these disadvantages, however, 
the tube is considered for its high sensitivity, the most 
important requirement to effect the desired measurements. 
The RCA Type 5734 mechanoelectronic transducer, 
Gescribed in the transducer references of Appendix D, 
eceupies 9.5 cubic inch, weighs in the region of 9.25 
ounce, and can be mounted in any position. Fiaced in the 
voltage-sensitive circuit described in Appendix EH, with a 
load resistor of about 59,000 ohms and a plate supply of 
29 volts, the displacenment-voltage sensitivity of the 
system is in the region of 5 millivolts per microinch over 
an input range of 0.001 inch. This sensitivity gives an 
output of 0.25 millivolt for the thrust variations. In 
the nenactuated position, the resistance of the tube is 
approximately 75,000 ohms and the change in resistance is 
125 milliohms per microinch. The magnitude of the resis- 
tance, 75,000 ohms, is rather large for use in a balanced 
bridge circuit installed on the shaft; therefore, a means 
of signal removal from the shaft must be used in the voltazge- 
sensitive circuit. The following calculations for the 


circuit using sliprings are presented for comparison: 
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Chenge in Blipring resistance = 3 an (Appendix F) 


j 


Change in tube resistance | 


i 


for thrust variations 125 wA/pin. x 0.25 pin. 


6.25 mn(P = 0.0032 1b.) 


i 


Thus, the change in slipring resistance is approximately 
one-half the change in tube resistance due to the thrust 
variations. Whether or not the slipring noise could be 
filtered out of the signal depends on the frequency of the 
noise compared to the frequency of interest. 

Frequent calibration, at the least, mey be necessary 
in order to overcome the disadvantage of unpredictable 
"gero adrift". If this disadvantage can be overcome, and 
eufficient resolution ecbtained through the signal condi- 
tioners, then the transducer might be applied te thrust 
measurements in the small ship medel. Tne fact that the 
units are fragile and require special handiing also present 
& problem requiring further investigaticn. To circumvent 
the slipring problem, either commercially manufactured 
mercury sSliprings or the wire wound technique of signal 
removal from the shaft, discussed in Appendix F, might be 


used. 
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h. Selsyn Systens 
Selsyn systems, described in reference (l,), were 
investigated extensively for use as the torque trans- 
ducer. In general, it was found that accuracy of these 
devices was inadequate for the measurements desired. 
The best accuracy available in a two-apeed synchro-systen 
employing the best possible gearing is about + 0.0953 
degree. References (5,15,7) give excellent treatments 
of the design and application of Selayn systems. 
Investigations at the M.I.T. Instrumentation Laboratory, 
however, revealed excellent results with application of the 
Microsyn. Microsyns are quite temperature sensitive when 
attempts for accurate measurements are made. Under ideal 
temperature control and static conditions, angles of 
2.75 x 107° degrees can be distinguished. where tempera- 
vere is eontrolled to within ©.01 degree Pahrenheit, angles 
of 1.39 x 107° degrees can be distinguished. Por eompari- 
son, the angular twist for the highest mean torque of 
interest (Q = 2.30 in.-on.) is 20.3 x 197° degrees and for 
the smallest torque variation of interest (2 = 6,0092 in.-oz.) 


-f 


is 9.08 x 10°” degrees. Thus, if ideal conditions could 


~Q3< 


ad 











+ ee 

7 Ce ey 
ere UE AT Ae ee chew herweee 2 

“om ee tat Ah er 


LOMA aNd onder " 
Tete ere 
Vase SEN! UEe Eviorreed elt arm aeNePER. as ps 
BML Veet ie item te 
2 MAES -PdbEE iors nidede bus Sea lo) 
eveents rear” iia with i cn ammmged ; | 
Tene othayreTdel mat 10h etal ad ora ot we 
oe ee /snasigntseie @ heb femmes gh 2 hehe 
rer he ee | - 
tat bene conse to C08 Bh erent = | 
‘> AL SN.) « 4) eeweeRRs De SIG Aly Mepves ad 
hism> cmalilions teapt x) ane? semeveed. hss 












te 


be met, Micresyns could only be used for mean torque 
meansurements with approximately 14 o/fo maximum error. 
Comparative information for the other specialized 
types was not avallable. Purther investigation may 
reveal that the others, particularly Inductosyns, are 
more accurate. It is doubtful, however, that the 
accuracy of these, under ideal conditions, will be 


sufficient to effect the desired measurementa. 


h. Readout devices 

The termination of the signal conditioners is a 
readout device which reeeives the output signal and 
presents it in a readout form. This readout may be in 
two possible forms: relative displacement or digital. 
ixamples of a relative displacement readout device are a 
meter pointer moving scver & scale and & pen or light beam 
writing a permanent record on a moving paper. Zxamples 
ef a digital readout are electronic decades counters, and 
rotating drum mechanical counters. 

The nature of the signal output of a small ship model 


sensitive dynamometer requires some form of a voltage- 
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sensitive readout device. Various possible electrical 
indicators and recorders, and thelr applicability to 
this measurement system, are briefly discussed. Readout 
device capabilities are those given in Beckwith and 
Buck (27), unless otherwise indicated. 

a. Meter indicators 

foter indicators have a relatively high meter move- 
ment inertia. In addition, it would be impossible for 
the human eye to follow the pointer even if it were possi- 
ble for the meter to follow the dynamic signal. For these 
reagons meter indicators are unsuited for the measurements 
of the input ferce fluctuations, but may have application 
to the measurement of the steady, or slowly fluctuating, 
mean value of torque and thrust. 

db, Mechanical counters 

Mechanical counters could be directly connected to 
the rotating shaft or could be electrically actuated 
counters energized by switch or relay, or by any Seurce 
of sulse able to supply 2 power of several watts, One 
high speed counter of this type is capable of making 1000 


counts "per minute. This type of device would produce less 
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then one count for the shaft rotational velocities of 
this dynamometer and would probably not be suitable. 

e. Electronic counters 

Electronic counters are extremely versatile 
devices, capable of many high speed counting type opera- 
tions. They have a high impedance input and require 
little energy for pulsing (5.2 volts rms pulse). This 
device can be used te accurately measure shaft rotational 
velocities. 

d. Cathode-ray oscilloscope 

Cathode ray oscilloscopes are high impedance voltage- 
sensitive devices with an inertialess beam of electrons 
substituted for the meter point and a flucres¢tent sereen 
replacing the meter scale. Electrostatic cathode-ray tube 
sensitivity is relatively lew (about 0.900) te 9.06 ineh 
deflection per d-e volt) and therefore reguires an ampli- 
fied signal. All general purpose oscilloscepeas provide 
Buch auplifleation. 

If direct observation of the scope does net yrovide 
gufficlent information about the signal, high-epeed photo- 


Graphic records may be made and analyzed. This technique 
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is described as used at the Netherlands Ship Model Basin, 
Wageningen, in reference (48). 

e. Oscillograph 

An oscillograph is a low impedance writing instru- 
ment that records the input directly onto paper. There 
are two basic types available: 1) A direct writing type 
with a stylus that directly contacts a moving paper strip. 
2) A mirror type which employs a light beam for writing 
on photographic paper or film. 

The galvanometer suspension system in an oscillograph 
limits the frequency response as in any mass-spring system. 
Table III summarizes typical oscillograph galvanometer 
sensitivity and frequency values. Tabie III indicates 
that a light-beam type galvanometer is the only suitable 
oscillograph for recording the force fluctuations developed 
in the propulsion dynamometer. This means that the Sanborn 
. oscillograph with a Model 150 carrier preamplifier currently 
installed in the M.I.T. Towing Tank is suitable only for 


the recording of mean torque and thrust values. 
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Tabie III 


Typical Osclllograph Galvanoweter Sensitivity and Frequency Values 


Bed beens Maximum usable | Sensitivity 
frequency, eps in. /ma, 


stylus-type with amplifying systen 


Low-sensitivity light-beam type, 
fluid damped 


High-frequency light-beam type, 
fluid damped 


Higa~sensitivity light-beam type, 
magnetically damped 





{’. Magnetic tape recorders 

The capabilities and use of magnetic tape recorders are 
theroughly discussed by Harris and Crede (22). These recorders 
find wide application in the field of vibration measurement 
and analysis. They provide a permanent record of readout 
which can be analyzed by many different methods. Several 


methods are given in the Output section of this thesis. 
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5. Discussion and other considerations 

&@. Limitations of analysis 

The foregoing analysis has been based on idealized 
models in which idealized conditions have been assumed. 
The analysis of the actuating device, for instance, was 
developed considering that the masses and the frame had 
infinite stiffness, that the spring had zero mass, and 
that only viscous damping was present. The transducer 
and signal conditioning analysis was developed considering 
the inherent difficulties of the transducer technique itself 
and the restrictions imposed by sliprings; however, the 
remainder of the signal conditioning devices were con- 
sidered within themselves to be ideal. Detailed analyses 
of mechanical and electrical noises within the transducer 
and the signal conditioners must be considered before the 
complete system can be evaluated. It must be considered, 
therefore, that the performance of an actual system will 
aiffer from that predicted for the idealized model. 

b. Implications of analysis 

It has been pointed out in the analysis that, in order 
to effect measurement of the desired alternating forces, 


techniques at or near the state of the art must be employed. 
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The results of the analyses, however, are insufficient 
upen which to base complete evaluation. Whereas some of 
the techniques can definitely be eliminated by the evi- 
dence presented, others ean neither be eliminated or sub- 
stantiated conclusively as suitable means, 

Four particular techniques standout as most promising, 
either fron presentation of encouraging evidence or from 
the lack of sufficient diaseeuraging evidence: 

1) The photoelectric technique empleying photocon- 
@uetive cells to measure variations in light intensity 
may in fact be a suitable means for measuring the torque 
variations on the rotating shaft of the armall ship model. 

A @omplete investigation of this type, however, remains to , 
be made. 

2) The electron-tubs transducer has s high sensitivity. 
If the problems of placings this tube on the rotating shaft 
with a suitable mechanical linkage and signal transmission 
arrarugenent, along with the inherent problems of the tube 
itself, can be overcome, thia device may prove satisfactory. 

3) Although inferseation concerning the state-of-the- 


art techniques of piezoelectric devices is lacking, 
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yveeommendations from ceverni scurces favor incorporation 
of this device on the basis cf extreme sensitivity. Evi- 
dence of extreme sensitivity for smali displacements was 
found, but because of the high spring constant of the 
device, larger forces are required to actuate the dis- 
placement... It is recommended, therefore, that the 
bimerph type, which gives greater sensitivity at lower 
natural frequencies, be further investigated. 

i) The most promising technique appears te be that 
of the variable capacitance transducer. The authors 
believe that a detailed desizn for constructicn of a 
dynamometer using this technique would be beneficial. 

Tuiroughout any future work in the design and develop- 
ment of the sensitive propulsion dynamometer it wust be 
borne in wind thet the nature of the quantities to be 
eeagured require that all phases cf design must employ 
state-uf-theeart or nenr state-of-the-art techniques. 
Tails requirement implies that even the simplest somponent 
of the sretem must be constructed or selected with the 
utmost care in order to produce the highest possible 


Sienai-teo-roise ratio. 
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Ail of the remaining techniques may be capable of 
measuring the mean values of thrust and torque since for 
such measurements the frequency requirement could be 
relaxed and sensitivity would be increased, A reanalysis 
of the weasurable quantities obtainable and the application 
of the transducer techniqucs under the relaxed conditions 
should be made, 

¢, Compromises 

In view of the apparent difficulty in ebtaining the 
measurements of the desired alternating quantities, it is 
only natural that compromises should be considered. Three 
types of compromises could be made in an effort to obtain 
the goal: 1) damping and reduction of the measurement 
System natural frequency, 2) relaxation of the accuracy 
requirements, and 3) reduetion in the flexibility of 

mometer usage. 

Damping and a reduetio: of the measurement system 





naturel frequency, with subsequent inerease in sansitivity, 
dees not involve a compromise in accuracy only if the degrve 
of damping achieved is approximately 65 per cent of critical. 
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Ae pointed out in the analysis of actuating devices, this 
value of damping allows eperation to approximately 9.4 of 
the syetem natural frequency without haxsenig amplitude 
dietertion and produces & phase shift, but no phase 
distertion. Two particular difficulties are present in 
the attempt to achieve this amount of damping. First, 

4% is extremely difficult to determine the actual value 
of the damping obtained; thugs, calibration at many differ- 
ent frequencies would be necessary. Secondly, sinee the 
frequencies of interest are comparatively iow, the large 
gise of the damping devices required could be uneeceptable 
for smali ship mode] application. 

Reduction of accuraey requirements might be accomplished 
in two ways. First, the value of meximum tolerable error 
gould be increased. Figure 1 shows the variation of maxi- 
mum tolerable error, thus the sininaum magnitudes which must 
we refolved, as a function of the accuracy desired for the 
meagurement of the alternating forces, § gompromise of this 
mature, however, wovld not help signifieantiy sinee, in moat 


cases, the transdueer techniques analyzed were incapable of 
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resolving the amplitudes of variation, let alone the value 
of maxioum tolerable errer. Secendly, the natural fre- 
quency of the measurement system could be reduced with 

mo mégard to damping; however, magnitude distertion woule 
vreauat at the various harmonic frequencies of interest, 
Such distertion would be very difficult te calibrate since 
4% would vary with each different frequency. 

Flexibility of dynamometer usage may be reduced by 
decreaning the highest frequency of interest’ te be measured, 
by lindting the epeed range of interest fer model testing 
to the higher values, or by limiting the measurements 





desired ta only the mean values of terque and thrust. A 
deervase in the highest frequeney of interest may be aceor- 
piiahed by restricting the oumber of blades on the propeller 
te be tested or by arbitrarily eliminating the second har- 
monde at a harmonic of interest. 

Although ceneluaive evidence has not been given to 
tne effect that the alterneting forces cannot be measured, 
the authors telieve that the enly practical comprouise te 
be made toward furthering the goal of & propulsion dynamometer 
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Capability at the M.I.T. Towing Tank, is to relax the 
capabliity to the measurement of the mean values of 
tomue and thrust only. It is further recommended that 
such a dynamometer be initially teated in a propeller 
boat configuration to reduce the instellation complications. 
d. Other considerations 
Gther considerations, which have been somewhat 
neglected in the design analysis of the sensitive pro- 
pulsion @ynamometer, are phase shift and calibration 
requirements. 

Phase shift is the time delay between the mechanical 
imput and electrical output signal of the measurement 
systex. This has been discussed in regard to the distor- 
tion which may result if certain requirements ere not met, 
but a method for determination of the shift has not been 
discussed. A detailed analysis of the mechanical and 
electrical phase shifts must be accomplished in order to 
determine their values. 

Calibration of the dynamometer involvea determining 
the relationship between the output and the input 
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eof the measurement system. In general, the following 
information is required: 
1) The sensitivity over the frequency range cf 
interest. 
2) The sensitivity over the environsental range 
of interest. For exampie, the determination of the 
effects of temperature changa, supply veitage variations, 
stray fields, and macidity. 
3} The sensitivity over an amplitude range of interest. 
u) The stability of calibretion with tine, 


Bb, Output 

Tne output of the measurdmgnt system is discussed 
oriefly for completeness of the analytical model used 
and ahauld be further analyzed when an acceptable output 
ean be obtained. The output is dependent on the readout 
deviee used and will either be in the form ef visual pre- 





gentation or a time history. Assuming that the self-pro- 
pelleg ship model preduces useful output for oniy the last 
fifty feet of ite tank run and depending on the speed of 
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the mogel, the data collection period willl be about ten 
to fifteen seconds. 

Data analysis techniques are thoroughly diseussed in 
references such as the Shock and Vibration Handbook, 
Velune 2, by Harris and Crede (9) and Stetistieal Theory 
ff Communications, by ¥. ¥. Lee (50). Reference (4,8) 
discusses a data analysis technique in use at the Netherlands 
Ship Model Basin that preduces a noise-free composition of 
the dynamic phenomena cbserved, Reference {/.) discusses the 
computer aided data analysis techniquea used at the David 





Vaylor Model Basin. These references should prove useful 
for anyone contemplating the design of a sensitive propulsion 
dynamometer. 
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Iv, CONCLUSIONS 


Xs it is desirable that the sensitive propulsion 
dynamometer be capable of measuring the following quantities: 
@. Highest frequency of interest = 250 cycles 
per second. 
b. Highest mean values of interest (full speed) 
Torque = 2,30 ineh-ounces 
Thrust = 0.32 pounds 
¢. Smallest variation amplitudes ef interest 
(65% fall speed) 


Torque = 90,0092 ineh-ounee 
Thrust = 90,0032 pounds 
Gd. Highest shaft rotational velocity of interest 
« 2200 revolutions per minute. 
2. Based on the analysis of disturbances or noises: 
a. Measurement system natural frequency must be 
high to eliminate the effect of propeller added masa 
and damping. 


be Isolation and damping techniques are required 





to @liminate the effects of prime mover vibrations. 
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c. A stern tube bearing and shafting system can 
be designed such that the stern tube torque losses are 
constant. 

3. Based on the analysis of the measurement system: 

a. Use of a transmission dynamometer is preferable. 

b. A fixed reference instrument must be used with 
the reference point on the shaft. 

¢. Strain or displacement are desirable as 
measurable quantities. 
| ad. The measurement system natural frequency must 
be at least ten times the highest frequency of interest 
to prevent amplitude and phase distortion. 

e. Techniques at or near the state of the art 
must be employed to effect measurement of the desired 
alternating forces. 

f, Four particular transducer techniques standout 
as the most promising for effecting the measurement of 
the alternating forces: 

1) A photoelectric technique employing photo- 
conductive cells to measure light intensity variations 


resulting from torque variations. 
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2) An eleetron tube transducer extramely 
sensitive to displacements resulting from thrust 
variations. 

3) A piezoslectric transducer extremely 
sensitive to atrains reaulting from terque and thrust 
variations. 

4) A variable eapacitance transducer repre- 
eenting possibly the best technique for measuring torque 
and thrust variations. 
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V,__HECOMMENDATIONS 


On tne basis of practicality, tne authors vecommend 
that a sensitive propulsion dynamometer eaparle of mea- 
guring only the mean values of thrust and terque be 
developed for the swall ship model. In order te effect 
this development, & reangiyais of the elements of the 
mneakurewment syatem must be conducted such that the opti- 
tain measurable quantity is sctuated, that the appropriate 
transducer and associated oguipment ia selected, and that 
the beat output analyeis techniques ara employed, 

at ia further pecommenied that the mengurement of 
mean Values should be successful before consideration be 
Given to the development of a sensitive prepulsion dynameo- 
meter capable of measuring the alternating ferces. In 
the event the measurement of the alternating forces is 
undertaken, the following reconmendations are made: 

i. Use the Stern Tube Bearing Design Froeedure 

to determine the bearing and shaft design. 

2, Conduct a frequency analysis of bearing noises. 

3. Further investigate and select the vest of 


the four most promiaing transducer techniques. 
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If either type of seneitive dynamometer is te be 
developed, it is recomuended that proper calibration 
techniques he developed and that the methods of signal 
removal from the rotating shaft, particularly the direct 
connection method, be further investigated. 
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Appendix A 
Determination of Deslred Inputs 


1. Mean or average values 

Parent data of several ships can be scaled to 
determine anticipated values of mean forces and velo- 
eities for small ship models, Medel scaling rules used 


are those presented in reference (51) ami are: 


Ty * 


Qy = 


Wes “iP x) 


Ny = VA MN, 


where T = thrust, @ = torque, V = velocity, N = RPM, A = acale 
factor, and subscripts refer to elther model or parent. 
&. Parent data 
Mariner (from reference (52 )) 
LOA = 663.5) feet 
LBP = 528.5 feet 
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2, * 


= 


V(kts. ) SHP 


Ly 
16 
18 
20 
21 


S50. sur. 550% SHR x60 . 
iN ekN 


33.,000 ft.-lb. 
433,000 ft.-lb. 
§39,000 ft.~-lb. 
782,000 ft.-lb. 


979,000 ft.-1b. 


4.000 

6190 

9300 
1k, ,000 
18 ,500 


(1, kts.) 
(16 kts.) 
(13 kts.) 
(20 kts.) 


(21 kts.) 


Series 60 (from referauce (53)) 


Wi, = 692 feet (parent 1) 


V(kts. ) 


19 


HP 
ee eee 


2993 

3.80 
STLT 
13,300 
20 , 900 
37 ,OLO 


i= 





QP, wn 22z HE ti 5250 Se 


i 


iW. = 26 feet (parent 2) 


271,000 (10 kts) 
375,000 (12 kts) 
526,000 (1h kts) 


920,000 (18 kts) 


1,260,000 (20 kts) 


1,890,000 (22 kts) 


W(cts) 


1 


b. Model data 


Mariner 


LOA 


»~ §,895 feet 


- 5O3.6k . » 
—aGE $5.5 


9.98 


i 


= AT = (95.5)% = 0,631 x 10 


n+ 


T(lb.) 


3.9 
5» 3 
13.0 
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Qp (ft-lb, ) x 12x 16 


i = — at oe in.- ° 
“a 0.331 x 10 sid 


* 0.773 ins- oz. (1) kts.) 
= 1,805 in.-oz. (20 kts.) 


© 2.2) 4ineoz. (21 kts.) 


uw, = Vy Ni. 
Ny = 628 RPM = 10.5 RPS (1) kts.) 


= 720 RPM = 12.15 RPS (16 kts.) 
« 628 RPM = 13.3 RPS (18 kts.) 
= 933 RPM = 15.65 RPS (20 kts.) 
998 RPM = 16.6 RPS (21 kta.) 


# 


Vv "s 
nox 


Hl 


ae & Le Kts. 


i 


ae = 2.1 kts. 


Series 50 


\ A, * 10.9 
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Re ee 
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Q . f 
= : r,” - (1z0)4 =z 2.075 x 10° 
1 


Q_(ft.-1b) *% 192 


2 ee (in. -o) 
2-075 x 10 


« 0.251 in.-or. (10 kts.) 
= O.3k7 in.-oz. (12 kts.) 
= 0.852 in.~oz. (15 kts.) 
= 1.165 in.-oz. (20 kte.) 
= 1.75 in.-oz. (22 kts.) 


» = 29 t 3 
4 


0.0469 lb. (10 kts.) 
= 0,083 lb. (15 kts.) 
x 0.203 lb. (22 kts.) 


eV, Ny Va, #Vi20 = 10,95 

« Ub RPM = 7.4 RPS (10 kts.) 
= 632 RPM = 8.86 RPS (12 kts.) 
21.85 RPS (1) kts.) 
13.3% RPS (18 kts.) 
« 5) RPM = 15.9 RPS (20 kts.) 
= 1130 RPM = 13.8 RPS (22 kts.) 


= 711 RFM 


i 


2 830 RPM 


Hi 
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Tatiker (from reference (5), )) 


LW = 5.708 feet 
AN » 62.5 1b, 
S$ = 6. 35h et.” 


3p =z 0.970 slugs/ft.? 


t = O14 
Vaesigned™ 1607 lets. 





V,, (kta. ) Vg (kts. ) 
0.992 10.9 
1.459 15.9 
1.688 18.5 
2.009 2201 


where S$ » wetted surface 


Qo = water density 


3 
(Co) ag 10° 


6, O16 
6.217 
5» leaky 
6.918 


t = thrust deduction coefficient 


Cm = Cotal resistance coefficient 


e. = ep e T(i_- t) 


8 3 (1.689¥)° 





a (1. 480)" 


c,, & $(1.689v)* 
oy =f = Ae ll 
Pi Ley 


mil Lge 








fT, * 0.101 lb. (10.9 kts.) 
= 0.225 lb. (15.9 kts.) 
= 0,315 lb. (18.5 kts.) 
= 0,57 lb. (22.1 kts.) 


The last value of Ty 


above the normal range of power level and will be dropped 


= 0.57 lb. is considered to be 


from consideration. 


ee Variations 

The literature provides results of dynamie neasurements 
of torque and thrust variations. Table IV is intended to 
be representative of these dynamic measurements and is 
developed from data presented in reference (55), All the 
Gate in Table IVis presented only for the full power con-~ 
dition. Figure 6, taken from reference (56), demonstrates 
the trend of dynamic measurements as a function of speed. 
It can be seen that although the amplitudes of force varia- 
tions expreseed as percentages of the mean values decrease 
With increasing speed, the absolute magnitudes of the ampli-~ 
tudes increase with increasing speed. The values of interest 
are the smallest absolute variations, thus the values pre- 
sented in Table IV rust be scaled to a lower speed or power 
level. Assuming that Figure 6 is representative of the 


relationship between force fluctuations and ship speed, 
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Figure 6. Thrust and Torque Fluctuations of the Propeller 
as a Function of the Ship Speed 





the following procedure will be used to determine amplitude 
variation at speeds approximately 65 0/o of full speed 
(assumed to be the lowest speed of interest): 
a. Determine the absolute amplitude variation 
at full speed using the known percentase 
variation. 
ke. Find the absolute amplitude variation at 
reduced speed by multiplying the value 
found in 1) above by 0.545 ( Be ote = 0.545), 
the change in torgue and thrust variations 
in going from full speed to a lower speed. 


Tne speed range of interest has been selected to be the 
same an in Figure 6 , i.e. 65 - 100 o/e full speed. This 
procedure is admittedly arbitrary and aubjeet to question, 
but the authors consider it to be sufficient for estimating 
the smallest foree vaiues of interest, 

Several conclusions can be drawn from Table IV cencerning 
the hermonic components of the torque and thrust variations: 

a. The first harmonic component of -bladed 

and 6-bladed propellers is the most 
important. 

b. The firat and second harmonic components 


of 5-bladed propellore are important. 
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¢, The torque and thrust variations of 
the -bladed propellers are much 
larger than the variations of 5-bladed 
propellers. 

ad, Variations of thrust are larger than 


variations of torque, percentage-wise. 
Representative values of torque and thrust variations, 
at speeds approximately 65 ofo of full speed, to be used 


in the Anglysis section are: 


hebladed Sebiaded 
0.545 x h.& ofo = 2.6 o/o F.S. 0.545 x 2.0 efo = 1.1 ofo F, 
(first harmonic) (first hareonic) 
0.545 x 9.7 afo = 0. ofo F. 
(second harmonic) 
Thrust 
.-bladed 5-bladed 
0.545 x 8.8 ofo = 4.8 ofo F.3. 0,545 2 2.4. ofe = 1.3 ofo FP. 
(first narmonic) (first nacsenic) 


0.54.5 ve 1,8 0/6 x J.0 o/o ¥, 
(second harmonic) 


This tseans that the smallest value of interest of torqur 


is 0.l, ofo of the full seale value, and the smallest value 
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of interest of thrust is 1.0 ofo of the full seale value 
ever the range 55 to 100 o/o full apeed. The second 
harmonic component of blade rate with a %-bladed pro- 
peller determines the smaliest value of interest for 
both terque and thrust. The range of frequencies of 
interest is from shaft rate (RPS) te the second harmonic 
of blade rate for a 5-biaded propeller (2 x 5 x RPS). 
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Appendix B 


Design Procedure for the Stern Tube Bearing 

Reference (17) reports the results of a comprehensive 
program which obtained data not previously reported and which 
provided new information essential to a nore complete analy- 
gig and design of journal bearings. Digital computer tech~ 
niques were used to selve the fundamental equations and the 
results are presented in charts and tables which permit 
the determination of friction, film thickness, flow, tempera- 
ture rise, ete., for bearings having ares of 60, 120, 1590, 
and 360 degrees for the widely used ease of a bearing length 
to shaft diameter ratio of one. The procedure developed 
for the design of the stern tube bearing of the small ahip 
model is an application of the information reported in 
reference (17). 


The following nomenclature is used in this design 


development: 
Ww = load, lb 
n = shaft rotational velocity, rps 
R = journal (shaft) radius, inches 
D = @R = shaft diancter, inches 
i; = axial length of bearing, inches 
P = load per unit projected bearing 


area = W/2R, pei 2 

viscosity in reyns, lb sec/in 

radial clearance, inches 

friction foree on journal, lb. 

F/d = coefficient of friction 

angular length of bearing arc, degrees 
(R/¢) “un /P « bearing characteristic number, 
or Sommerfeld rramber 

constants ef proportionality 


ui 


2 Dp Sear 
Howe 


i 


K,Kt 
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Chart 3 of reference (17) is reproduced as Figure ” . 
The following pertinent calculations are based on this 
Figure, a fixed, 350 degree bearing configuration, and 
the fact that model testing will be conducted at a con- 
stant snaft rotational velocity. 
S = (R/c)* pn/P = (R/C)* wn2RL/W = K/W 
Torque loss = RF = (R/C)fr (cw) 
From Figure 7 : 
(R/c)f 


(R/e)f = 208, .1 


t> 

& 

ie 
iN 

C2 


IN 
ta 
in 
- 


Therefore, 


Torque loss = 2OCWS = K'WS = K'wK/w = K'K 


Thus, torque loss is constant for @ bearing that 
operates in the range, 5 = 0.1. The problem, then, is to 
design the stern tube bearing to operate in this range of 
bearing characteristic maunbers. The final bearing design 
will establish values for R, L, and C. The constraints 
of the design are the range of n for which different model 
tests will be conducted and the range of W within which 
shafting system weight and balance must be designed. 

Figures ~,Cana@ 10 show a plot of the upper limit of 


bearing liocad versus shaft rotational velocity for the design 
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Coefficient of Friction Variable, (R/C)f 
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Figure 7, Relationship Between the Coefficient of Friction 
Variable and Bearing Characteristic Number for Bearing Are 
Length of 360°. 
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parameters, shaft radius and radial clearance. The following 


equations were used to prepare these figures: 
s = (R/¢)® yn/e = (R/6)® ynaRL/v = hunt /oew 
Solving for Ww, 
W > lynr/e%s 
Substituting S = 9.1, 
W, = upper limit bearing lead = Ounrt /o* 
» = 2x 10791», sec/ft“= 1.39 x 107! 1b. sec/in® 
for fresh water at 79 degrees F. 
The range of interest for n was previously determined: 
i3<n<20 rps. 
Model size limits the range of interest for R: 


0.125 <R<0.1875 inehes 


Common practice places the range of interest for C: 
0.06025 =¢ £0.001, 


Shaft radius and radial clearance should be chosen such 
that the allowed range of bearing load, ¥, ia aa large ase 
possible. Thus, any bearing load variations which cannot 
be @liminated are still within the range for a constant 
tergue loss. The choice, however, is not so Simple as it 


seema. Although the range of allowed bearing load increases in 
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proportion to at while shaft weight only inereases in 
propertion to Re , the mass of the shaft aystem must be 
compatible with the overall mass allowed by the frequency 
analysis. The frequency requirements are discussed in 
the Measurement System portion of the Analysis Section. 

It is the opinion of the authors that Teflon would 
be a good bearing material for the stern tube. The use 
of Teflon, however, and of plastics in general, for 
bearing material should be investigated further prior to 
application to the small ship model. Reference (57) should 
be consulted for this investigation. 
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Figure 8 


Relationship Between Upper Limit 
Bearing Load and Shaft Rotational 
Velocity for Shaft Radius of 0.125 
Inches and Varying Clearances 
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Figure 9 


: Relationship Between Upper Limit 
{ Bearing Load and Shaft Rotational 
NY, Velocity for Shaft Radius of 0.15 
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Figure 10 


Relationship Between Upper Limit 
Bearing Load and Shaft Rotational 
Velocity for Shaft Radius of 0.1875 
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Appendix ¢_ 


Procedures for the Determination of Measured Strain and 





Other Measurement System Paraneters 


This Appendix develops several parameters for use 
in the dynamic analysis required for the actuating device. 
It also presents sugsested procedures for the determination 
of measured strain resulting from a particular measurement 
system configuration. Since the analytical mrodels developed 
in this Appendix are those used for the displacement-sensi- 
tive actuating devices, such of this discussion applies to 


both strain and displacement types. 


1. Determination of model propeller characteristics 
The model propeller weight, (Ww) , ean be approximated 


by an equation presented in reference (58): 


- - 3 | | 
- K De (aK) (Br?) 


where 
k = 0.20 for 3 bladed propellers (bronze) 
= 0.25 for , bladed propellers (bronze) 
Do propeller diameter 
MWR = mean width ratio 
ETF = blade thiexness fraction 
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By appropriate scaling from a Mariner parent with 
L = 520 feet, dD, = 22 feet, Ly = § feet: 


(D,) = 2ye® = 0.2115 feet = 2.5) inehes 
Pi 
Assuming values of MWR = 0.) and BIF = 90,05, 


(Hp) = (0426) (2-5)? (Ook) (0495) 


= 1,05 ounce (Schoenherr propeller) (bronze) 
This is only an approximation and could be reduced by 
selection of a lighter material such as aluminum. 


(w_) = 0.31 (4) 


P Aluminun P Eronze 


Tie model propeller moment of inertia, (Z,) ; ean 
H 


be obtained from the expression: 


where m = propeller mass 
x = padius of gyration 


a 0. = @s yD 
(0.2 22) p 
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Assuning (Ww) = 1.0 om. = 0.0625 lb., 
Mi 


(I ) _ 40.962 a x 2.54) 


Py 
a ~f ce 
= b.9l x 10°“lb. in. sec.” (bronze Schoenherr propeller) 


fhis inertia is then increased by 25 o/o to account for 


entrained water. 


(I. ), = 613 x 107! ap. in. sec.“ (vrenze Schoenherr propeller) 


= 287 x 107! 2b, in. see. © (aluminum Schoenherr propeller) 


a. Suggested procedure for the determination of measured strain 
a. For thrust measurement 
Having selected a desired thrust actuating device natural 
frequency from dynamic considerations, a value for thrust 
sy3steu masse is assumed. This mass will inelude the mass of 
the propeller and hub, entrained water, some shafting, and 
possibly some instrumentation (depending upon the relation 
of the thrust sensing and torque sensing systems on tne 
propeller shafting). Equation (1) is sclved for the allowable 


actuating device stiffness, Kye 
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wr 
Qe x nl (1) 


&esuming that the actuating device configuration is 
¢omposed of four mutually perpendicular cantilever beens, 
a @imple cantilever analysis 1s made using the deflection 


equation: 


PL? 


a 
where x is the deflection of the end of the beam, P is 
the applied load ( = for this case), = is Young's modulus, 
and I is the moment of inertia of the beam cross-section 
about its mid-depth. 
Substitution of P = fF and rearranging sives: 


3 
ifx, = ¥ 
1° Test 
The measurable strain value is obtained from the 
relation: 
; 
€ x» 
ET 


where ¢ is the distance from the beam neutral axis to the 


eutermost fiber, or the beam half depth. 
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The values of L, 3, I, and c are then selected in 
such 2 way as to maximice the value of strain. There 
are four najor constraints placed upon the configuration: 
the stiffness of tne shafting must be much greater than 
the stiffness of the actuating device so that most of 
the deflection of the system oceurs in the actuating 
device, the natural frequency of the cantilevers rust 
be at least ten times the highest frequency of interest; 
the cantilevers must have sufficient space to allow for 
the proper mounting of etrain gages; and the maximum 
cantilever length is limited to 0.5 to 1.9 inch by the 
cleared space available within the model hull around 
the propeller shaft. 

The mass resulting from this procedure is then compared 
to the mass assumed for the solution of equation (1). This 
procedure ig repeated until the assumed value and calcu- 
lated value of mass, m, are in agreement. The value of 
Strain obtained from this procedure is an idealized value, 
and usually will not be the value of strain detected by 
the strain gage. This must be recognized in the design 


stage of the dynamometer development. 
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A semple caleulation is rade using the above procedure 
to indicate a typical values of strain resulting from a 


cantilever thrust actuating device configuration: 


Assuming: w= 2000 eps 


m = 2,5/336 oz. (mass) 

L = 1 in. 

B # 10x 10° ps4 (aluminun) 

T, = 0.32 lv. (nighest value of interest) 
T.. = 0.0032 lb. (lowest value of interest) 


2 


ads SR aR 


¢ 63,900 lb. /in. 


3 
eee 
is or al ~ 463,902) 


(12)(10 & 19°) 


0,000542 in.* 


# 


aaa 
# 


tz b n° (for rectangular beam) 


where b= cantilever breadth 


h = cantliever depth 


oi 39~ 





Assume minimum b = 0.25 in. (for mounting strain gage) 


0,000532 = ty (0.25)n° 
3 12(0, 0005 
nr = 12(0,.090532) 


h = 0.29) in. 


s+ 
= O.Ub7 in. 
TLe 
€, = fir 
e (0232) (1) (0.147) 


(4) (10 x 10°) (6.909532) 





« 2,21 nicroin. /in. (microstrain) 
€, = 0.0221 microin./in. (microstrain) 


This configuration would then be refined and optimized 
ag shown, but these values of strain are somewhat represen- 
tative of the magnitudes produced. 

The use of a thin-walled cylindrical actuating device 
for the production of axial strain is not developed. In 
general, higher strains can be produced by a beam arrangement 


einiiar to the type analyzed. 
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b. For torque measurement 

The procedure for determining the values of strain 
resulting from a particular configuration to measure torque 
is similar to that for thrust. For the case of torque, 
however, the selection of an appropriate dynamic analytical 
model is more complex. For the preliminary analysis, a two 
mass system connected by a spring element may be used. This 
spring, or actuating device, actually occupies a fractional 
portion of the length of shafting connecting te the two 
masses in the analytical model. This point will be clarified 
as the analysis progresses. 

The desired actuating device natural frequency has been 
determined as in the thrust measurement precedure. The 
moments of inertia for the two end masses of the analytical 
model are then assumed. One mass, I,; consists of the pro- 
pelier and hub, entrained water, some shafting, and possibly 
the mass of the thrust measuring actuating device and trans- 
ducer (¢ependent upon the fore and aft arrangement of the 
torque and thrust systema). The other mesa consists of 
some shafting, possibly the torque transducer and associated 


equipment, and a flywheel. The flywheel is necexzeary to 
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Gamp cut any drive motor noise or other vibrations discussed 
in the Inout section of this thesis. Eyuation (2) is then 


solved for the allowable actuating device stiffness, Kos 


2_ k(t + 4,) 


. 2 
Ao ee (2) 


This value of stiffness is then introduced into the 
following equation which relates the various actuating 


device parameters: 


GI E 
«, = aye = arstn 
where Gia the actuating device modulus cf rigidity, 1, la 
the device polar moment of inertia, L is the device length 
and 4 48 the Poisson's ratio for the device material. 
Strain, 3 , is determined by the expression: 


y= 


p 
where Q ils the torque value of interest and R is the radius 
of the actuating device to the outermost flbers. 
The obvious way to produce the maximun strain is te 


select & material with the smallest modulus of rigidity 
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and a corflguration witn tns largest radius and length, 
but the smallest polar wenent of inertia. The following 
constraints, however, ilmit the extent to which this may 
be done: the actuating device wlll experience creep as did 
the Saran device of reference (8): the increase of R and 
a decrease of 1 acting contrary to each other, requires 
the use of a thin-walled section which way fail under 
applied loads; the maximuin radius is limited to the same 
6.5 to 1.9 inch clearance space that limited the thrust 
éevice; the increase of length increases the possibility 
of shafting whirling or otner radial defleetion; and the 
portion of the shaft net included in the actuating device 
must be wuch stiffer than the actuating device so that the 
actuating device deflects to its maximus extent ander the 
applied loads. 

Consideration sheuld be given to the use of a 
cantilever-type deviee sinilar to that discussed for the 
thrust case, but with the flexural deflection taking piace 
in @ torsional direction. The equations for the analysis 


of this type device are presented in referenee (12). 
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Appendix D 
Principles of Transducer Operation 


The four main groups of mechano-electrical transducer 
elements are: variable parameter analog, self-generating 
analog, frequency or pulse generating, and digital. The 
principles of operation of the types of elements within 
each group are briefly discussed in this Appendix. The 
Geserintions are basically those of the transducer references 
(13, 22, 27, 38, 0, 59). nese references include detailed 
Gescriptions and performance characteristies and should be 
eonsulted where additional information is desired. Specific 
references are given where the treatment of the element is 


of particular aote. 


1. Variable parameter analog 

The variable parameter analog transducers produce an 
output which is a proportional fraction of an original 
resistances, capacitanes, er induetance. The changes in 
reaistance, inductance, or Capacitance caused by the motion 
of the actuating device are translated intc corresponding 


voltage or current effects. 


&. Variable resistance transducers 
The resistance of a potentiometer is varied by sliding 


an arn across a number of wire turns. Potentiometers are 






°* (20h? tasuliirty palese TOF aertey PUveEge a 
totais ow Le euljowr) comuhguaqone © oc eke ms 
Os Oheriay ea?) code oe .eweapegae | a 
(othe AM 6 ike cumeliveges ww .sansbaebal ean 


maibels of Beles 4) “Bae Siew © WS eonefalbos ac 
ru Miwa tietee =o age! O08 S06 weer © eumhs sus as | 


not considered applicable for measurements in the small 

ahip model beeause resoluticn is limited by the number of 
wire turns and their uniformity from turn to turn. Their 
response to higher frequency measurements is also resatricted 
due to the inertia of the arm and the tendeney of the sliding 
arm to bounce and break contact. 

Strain gage transducera are of two types: bended and 
unbonded. The bonded type incorporates single-bonded wire 
gages, metal foll gages, or semiconductor gages. The wire 
gage operates on the principle that its length and diameter 
are altered, when it is stretched elastically, resulting in 
an overall change of resistance. The metal foll gage utilises 
astrain sensitive grid. Its significant advantages include 
improved hysteresis, fatigue life, and lateral strain sensi- 
tivity, in addition to impreved transmission of strain from 
the teat surface to the gage. Semiconductor strain gages use 
plezoreaistive solid-state materials as strain elements te 
provide sensitivity almost two orders of maenitude creater 
than wire or foil gages. Temperature eowni tivity is their 
major disadvantage. 

Bonded strain gage transducers are rugged, relatively 


Simple and have excellent linearity and hysteresis characteristics. 
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Sufficient actuating energy wust be available for good 
results because of low sensitivity in the wire and foil 
pages and limited lower range performance. Use of the 
semiconductor gages is more promising, however, because 
of the increased sensitivity. 

The unbonded type of strain-gage transducer consists 
of a stationary frame which supports a movable armature. 
The strain sensitive wire is strung under initial tension 
aoa filament between pins located on the frame and 
armature. As the armature is displaced by the external 
force, the strain increases in one pair of fllaments and 
decreases in the other pair. Unbonded strain-gage trans- 
ducers are used most advantageously in the measurement of 
iow magnitude forces. | 

Strain-gage transducers generally poasespexcellent 
frequency response in both the high and low ranges. They 
ean be meade quite amall, iesa than one cubic ineh, and 
can be sealed for use underwater. 

bh. Variable capacitance transducers 

Capacitanee is a function of effective srea of the 
conductors, separation between them, and the diclectric 


atrength of the material in the separation. Variation 
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of any one of these three parameters causes a change in 
eapacitance. The change in capacitance with respect 
te plate separation is greater than changes with respect 
to ares or dielectric strength. The advantages of capa- 
citance transducers are Small size, excellent high-fre- 
quency response, high temperature resistance, good 
linearity, good resolution, high sensitivity to small 
displacements, and ability to measure both static and 
dynamic quantities. Major shortcomings are sensitivity 
to temperature, high impedance output and the compara- 
tive complexity of associated electronic equipment. 
Capacitance transducers wust be reactively as well as 
resistively balanced. 

¢. Variable inductance transducers 

Varlable inductance transducers use the magnetic 
properties of core materials and air gaps to alter the 
self-induetance of fixed calls. When the reluctance of 
a magnetic cirevit ie aitered, both the inductance and 
the induetive reactance of colla in the eclreult will be 
Similarly changed. Thig prineiple is used when the sir 
gap in the magnetie core or the permeability of the core 


material itself are varled in the transducer. Transducers 
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that use the air gap change are known as variable reluctance 
types while those using a variable core permeability to 
ehange reluctance are known as variable permeance types. 

&\ @eseriptive ship model application of the variable 
reluctance principle is given in reference (6), The 
transducers described use a differential arrangement where- 
by one gap is inereased as the other is decreased. Such 
a differential arrangement has greater sensitivity than a 
Single element. An application of the principle to the 
gmail ship mo@el is given in reference (12). 

The variable inductance transducing element is used 
most widely in displacement-measuring transducers with 
relatively low natural frequencies, i.¢., transducers with 
usable frequencies below approximately 100 cps. 

d. Variable transformer transducers 

in the variable transformer the mutugl inductance 
between two colls and a magnetic field is varied, either 
by 2 change in the pasiticn of the fleld iteeif or by a 
change in the relative position of the coils. Output 
voltage is induced in a secondary winding and varied by 
the position ef the primary. The change in pesition may 
be longitudinal or rotational. The most common examples are 


the differential transformer and the Seleyn systems. 
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The typical differential transformer conzista of a 
hollow concentric nonmagnetic form, on which are mounted 
three windings -- one primary and two secondary. The 
position of a core placed within the coil form determines 
the relative mutual coupling, and thus voltage developed, 
between the primary winding and each of the secondary or 
output windings. An excellent description of linear 
differential transformers 13 given in reference (35). 

Selayn systems are moterlike devices used to form 
retary position sensing and indicating systems. Many 
specialized, smail angie, high precision transducers use 
one ar more of these prineiples. These transducers are 
known variously as Magnesyns, Inductosyns, Synchrotels, 


and Microsyns and are described in detail in reference ()),). 


a. sSelf-generating analog 

Self-generating analeg transducers require ne outaide 
source cf power and often generate sufficient voltage or 
current to require only simple measuring circuitry. These 
transducers may be divided into the following types: 
plezoelectric, photoelectric, electrokinetic, and electron- 


tube. 
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a. Piezoelectric transducera 

Piezoelectric transducers use the principle that a 
foree ox stress, applied along specific planea of certain 
crystalline dielectrics, produces a relative displacement 
of charges within the lattice and thus generates a voltage 
&eross the crystal. <A synthetic ceramic, bariun titanate, 
is free from limitations imposed by crystal structure; thus, 
by molding it inte different shapes and aises, an electrical 
axis can be “built in", The piezoelectric transducer is 
simple and rugged, suitable for many applications where 
sufficient mechanical force is available. Its greatest 
disadvantage is its lack of response to steady-state dis- 
placements or forces. 

bob. Photeelectric transducers 

Photoelectric transducers depend upon changes in light 
energy for thelr operation and seldom load or interfere with 
the phenomenon being measured. Sensitivity and speed of 
response of these transducing elements are high. When coupled 
with appropriate optieal systems, light sources, and ampli- 
fiers, they may be used for a wide variety of physical mea- 
surements. They are classified as photoemissive, photovoltaic, 


and photoresistive. 
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The photoemissive sensor, or phototube, derives its 
eleetron flow from a cold cathode which emita electrons 
when light falls upon its eurface. An external d-~e 
power supply is required and a high resistanee is placed 
in the cathode circuit so that the current changes may 
be sensed as a voltage drop across it for amplification. 

Fhotovoltaic cells require no external source of 
power; incident light striking the interface of two 
metal surfaces causes direct generation of voltage. The 
voltage menerated, however, is in the order of low millii- 
volts, the frequency response is relatively poor, and the 
output is not a linear function of light intensity. 

The photoconductive ceil and the photedtode are much 
smaller, more sensitive, and more rugged than any of the 
other photoelectric transducers. The photeconductive cell 
varies its electrical conductivity in aesordance with the 
light intensity it receives. The photodiode and the pheto- 
transistor are semiconductor devices operating on the 
principle that light gives enough energy to the valence- 
bond electrons to raise them to the conduction band. The 


phototransistor is quite small, some being no larger than 
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@ matehhead; they are adapted Por applications where a 
large number of individual, light-sensitive elements are 
required in a small area. 

e. HKlectrokinetic transducers 

The electrokinetic principle utilizes the electrical 
Bignal generated by a minute flow of polar fluid passing 
through a microporous ceramic disk. The potential differ- 
ence produced between the opposite faces of this disk is 
proportional to the applied pressure. Transducers using 
this principle are inherently dynamic instruments designed 
to measure periodic phenomenon only. This type of trans- 
ducer is valuable in the measurement of high intensity 
sound and noise. The disadvantages of electrokinetic 
transducers are their inability to measure atatic conditions, 
peor zero-restoring properties, and diaphragm distortion 
by ¢lectrical bias. 

ad Electron-tube transducers 

Eleetron-tube transducers employ an sleetron tube, 
usually subminiature, with an element or elements free to 
move. The output of the tube varies in proepertion to the 


displacement of element pesition. Force may be measured 
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using auitable linking mechanisms to change the original 
quantity into a displacement. 

High sensitivities can be obtained with a triode 
system such as is used in RCA's tube type 573). Used 
with a load resistor of about 59,000 ehinp and a plate 
Supply of 20 volts, the displacement-voltaze sensitivity 
of the system is in the region of 5 millivolts per micro- 
ineh of displacement. 

An lonization transducer usea a glass tube filled 
with gas under pressure and containing two electrodes. 
When this tube is brought into an electric high-frequency 
fleld between movable plates of a capacitor, a voltage 
proportional to the displacement ia induced. Sensitivity 
ean reach values of 590 to 106 millivolts per microinch 
ef displacement, 

The prime advantage of these transducers lies in the 
high frequency response of the large output signals that 
gare preduced with very small mechanical displacement. They 
are temperature sensitive, however, and must be used under 


controlled conditions. 
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3. Frequency or pulse generating 

Frequency and pulse-generating transducers measure 
physical variables in terms of a pulse repetition rate 
or frequency signal rather than in the ferm of contin- 
uousiy varying currents or voltages. Because frequency 
ig an analog quantity and depending on how their output 
information fs handled, these transducers may be considered 
as either analog or digital devices. Ineluded in this group 
are frequency modulating, frequency generating, and pulse 
sounter transducers. 

&. Frequency modulated transducers 

Te two principal forms of FM transducers are the 
vibrating wire and the variable reluctance gaze and oscillator. 

The vibrating wire traneducer contains a stretched wire 
m@in element which 1s placed in a. magnetic field and main- 
tained in vibration at its natural frequeney. Upon applica~ 
tion ef a force to the ectuating device, the tension in the 
wire changes. In this manner the mechanical displacement 
ig converted into a change in frequency which is inversely 
proportional to a positive displacement. 

The reluctance gage and oscillator includes a tiny 


oscillator eclrenuit as an integral part of the transducer 
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housing. A change in reluctance, thus inductance, of the 
wnit, produces a proportional change in the cutout frequency 
of the ogelllator. The capacitance in the oseciliator ecir- 
euit eould alse be changed by displacement, ‘but this type 
is not so common. 

b. Prequency-senerating transducers 

Frequency-generating transducers produce a simple 
series of voltage or current pulses, or cycles in propor- 
tior to the change in the physical paraneter being measured. 
In particular, pulse-generating pickups operating with the 
principles of variable reluctanee or the phototube and light 
source combination are most reliable. 

The electromagnetic reluctance pulse pickup is a small 
permanent magnet on which is wound a coil. The field of 
the magnet is varied momentarily by the setion of «n external 
magnetic body passing near it. A voltage pulse is generated 
at the ¢oil because of the change in flux @urrounding the 
eoll. This principle is often used to measure ahaft apeed. 

The photetube may be used to detect rotation and other 
motions either by the interruption of the light beam or by 


the detection of transiucent and opaque vortions of moving 
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components. Methods used include sensing the reflection 
of a white apot on a rotating shaft and sensing light 
beam interruptions caused by a perforated wheel. The 
series of discrete pulses preduced are counted over a 


precise time interval. 


kh. Digital encoders 

Uniike analog transducers which are characterized 
by proportional measurenent, or pulse rate transducers, 
charectcrized by proportional counting, digital encoders 
and @neoder transducers produce 4 distinst coded output 
Signal. Ags the physical variable changes, the incremental 
state of the output coded signal ecnangesa in such 4 manner 
as to represent the new value in the form of a nonambiguous 
eodea value. Time sampling is not involved and the trans- 
dueer output may be seanned at any desired rete to readout 
4t3 new value. Digital enecders produce 2 true digitel 
output suitable for direct entry into digital computers or 
data handling systems without further conversion. 

Tne shaft pesition enceder ils the mest efficient of the 
digital encoders. It consists of a shaft attached to a disk 


mask or a drum with ¢ digital coded scale. The seale may be 
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formed with either a combination of conducting amnoncon- 
ducting areas of a combination of translucent and opaque 
surfaces. There exists a definite coded form for each 
discrete position of rotation of the disk. Resolutions 
are from 100 points, for a two ineh diameter disk, to 
50,000, for ten inch disk, unique positions per 360° turn. 
They are readout by either a series of brushes or a photo- 
cell arrangement. 

Rectilinear encoders are linear scale transducers which 
have the same basic advantages as the shaft position encoders 
described above. These devices utilize the same principles 
as the rotary type except that the scale is made over a linear 
range and motion is a rectilinear displacement which produces 


the coded output presentation. 
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Appendix 2 
Description of Signal Conditioners 


The types of signal conditionera described in this 
Appendix are classed as follows: input modification and 
instrumentation amplification. The descriptions are 
basic and no attempt is made to describe ali types of 
signal conditioners. These descriptions are taken from 
the transducer references (13,22,27,3) 919.50) which should 
be consulted where information in addition to that given 
here and in the Analysis ie desired 
1. Input modification 

Input modification may accomplish any of the following: 
conversion of the output inte a voltage, current, cr digital 
code; straightforward amplification of the transducer output; 
filtering out of unwanted frequencies from both transducers 
and associated ecireuitry; and impedanee matching or signal 
attenuation, The most common circuit forme used are: 

Simple current-sensitive circuits, ballast circuits, balanced 
bridge circuits, resonant circuits, signal preamplifiers, 


and attenuaters and filters. 
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a. Simple current~-sensitive cireult 

A simple current-sensitive clreuit employs any one 
of the various ferms of variable resistance elements. 
The transducer is placed in series with a voltage source 
ang a current indicator or recorder which senses output 
current. The current variations are caused by the variable 
resistance. 

b. Ballast circuit 

The vallast circuit ig a variation of the current- 
sensitive circuit. Inatead of a current-sensitive indica- 
tor or recorder through which the total current flows, a 
voltage-sensitive device (seme form of voltmeter), is 
placed across the transducer. Now the voitage variations 
caused by the variable resistance are sensed. 

¢c, Balanced bridge inputs 

The moat common single transducer cireuit cenfiguration 
is the Kheatstone resistance bridge and its a-c counterparts 
for inductance and capacitance. Strain sages and transducers 
incorporating them are almost always connected in this con- 
figuration. Similarly, many other types of sensors are used 


as one or more active arms of the four-~arm bridge clreult. 
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With bridges employing either capacitive or inductive 
arms, only a-c excitation is used. Voltage regulation 
is eritical because of the effect on output dus to a 
change in excitation voltage. 

dad. Resonant Circults 

Capacitance-inductance combinations present varying 
impedance, depending on their relative values and the 
frequency of the applied voltage. When connected in 
pargzilel, the inductance offers small opposition to 
current flow at low frequencies, while the capacitive 
reactance is low at high frequencies. At some inter- 
mediate frequency, the opposition to current flow, or 
impedance, of the combination is a maximum. The fre- 
queney corresponding to this maximum effect is known as 
the resonant frequency. If a capacitive transducer is 
used, it could be employed in combination with an inductive 
element to form a resonant combination. Variation in 
capacitance caused by variation in the input signal would 
then alter the resonant frequency, which could then be 


used a¢ a measure of the input. 
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¢. Signal preamplificrsa 

Preamplifiers and attenuators are used for signal 
level changes, equalization, or Inpedance matehing. 
Transducers with high impedance outputs require special 
treatsent in order to reduce the errors caused by poor 
iwpedance matching. Ziecetrometers, input transformers, 
eathode followers, transistor emitter followers, and 
ether circuits are used as isolation or impedance matching 
devices. Preamplifiers and filterg may be used te extend 
or reduce the frequency range of a transducer er remove 
unwanted frequencies frow the transducer signal, 

f. Attenuators and fliters 

To normalize or s¢ale down the amplitudes of algnais, 
or te eliminate unwanted frequency components, attenuators, 
and filters respectively are used, <Attenuaters used in 
instrumentation take eany forma. For a-c circuits above 
5 ke, compensated atternmticon cireults are required te 
maintain ecenstant phage shift and provide high frequency 
equalization. Pilters are uged in data instrumentation 
to suppress unwanted frequency comoonente, eeleet bands 
of frequencies for separate recording of indication, and 


renove the harmonic centent of inductance bridge output 
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amd carrier frequency components in carrier or chopper 
demodulation. They are used to remove hum, ripple, and 
noise in power supplies used for bridge excitation and 
to power electronic measuring equipment. The simplest 
filter circuits consist of series or shunt resistances 


and capacitances. 


2. instrumentation amplification 

The following is primwarliy a discussion ef applications 
of instrumentation amplification rather than e description 
of the types. The following categories are discussed: 
voltage and power amplifiers, a-c and d-¢ ampiifiers, 
chopper amplifiers, and carrier amplifiers. 

a. Voltage and power amplifiers 

Amplifiers vesed in data instrumentation are of both 
the voltage and power types. A voltage amplifier may be 
employed when in thia case, an indicator such as a cathode- 
ray omellloscope or a vacuum-tube voltmeter sight be used 
at the readout device. If a recorder or some form of cen~ 
troller must be driven, then a power amplifier would be 


necessary to boost the energy available to drive the device. 
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be. a-e and d-c amplifiers 

Amplifiers may also be classified according to the 
character of input signai which they will accept. Reli- 
able amplifiers that willl amplify d-e inputs are diffi- 
eult to design. A constant d-c amplification or gain 
is difficult to maintain. As a result, a-c amplifiers 
are used wherever possible. The a-c amplifier will 
accept only varying inputs, whereas the d-c awplifier 
will amplify constant as well as varying inputs. A d-c 
voltage amplifier therefore will amplify such things as 
the voltage from a battery a2 well as & varying voltage, 
while the a-c amplifier will ignore a d-e voltage and 
amplify only any varying components. 

e., Chopper amplifiers 

A simple a~c amplifier may be used to amplify a d-e 
input througn use of an additional cireuit component known 
&8 a chopper, The chopper is an eleetricaliy driven switch 
often driven at either 50 or 100 eps, although a speed of 
400 eps is sometimes used. Application of an alternating 


voltage to the driver coll causes a reed to vibrate between 
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a pair of contacts. When @ d-¢ signal input is connected, 
the amplifier receives 4 chopped or square-wave voltage 
which, being an a-c amplifier, it amplifies witheut 
trouble, 

ad. Carrier ampiilflers 

When the input signal information is carried on an 
a-c frequency, the input signal is said to medulate the 
carrier frequency. The output from a differential trans~- 
former 18s an example of a modulated signal. The trans- 
former is energized by an a~e exciting frequency. Core 
position, either static or varying, determines the amplitude 
of the output. 

Certain special-purpose amplifiers incorporating the 
carrier source as & part of the amplifier are referred to 
as carrier anpliflers. Simple earrier systerm provide an 
a-c ogutput whose amplitude is blind to the sign of the 
input signal. The phase relation between the power suuce 
and the output does depend on the sign of the input and mey 
be used to determine it. Phaee-sensitive arrangements 
employed to accomplish this are referred to as phase- 


discriminator or mixer-demedulator circuitry. 
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Appencix F 
Methods for removing signals from & rotating shaft 


Signals may be removed from a rotating shaft in at 
least four ways: by direct connection, by telenetering, 
by use of sliprings, and by inductive, or magnetic, 
coupling. 

1.  Direet connection 

¥hen a shaft rotates slowly enough and the data 
sampling period is not toc leng, direct connections may 
be made between the transducer and the remainder of the 
measurement system. Sufficient lead is provided and the 
cable is permitted to wrap iteelf on or eff the ahaft. 

If the shaft cannot be stopped quickly enough at the end 

of a test run, a fast or automatic disconnecting errange- 
ment could be provided. Shielded cable should be used to 
minimize reactive effects resulting from the coil of cable 
on the shaft. Although thia technique is somewhat limited, 
it should net te overlooked as a possible means of removing 


information. 
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One possible configuration that the authors suggest 
be investigated is with the wire wrapped on a amall dia- 
meter extension of the shaft near the moter. Another 
larger drum, or take-up ree], could be lecated on the 
towing tank carriage. This take-up reel may also carry 
an amplifier which rotates with the drum, This amplified 
signal eculd then be trensmitted through sliprings from 
the take-up reel to the remainder of the signal condi- 
tioners. The weight of the cable on the shaft does not 
add toe the mass of the actuating device, but simply adds 
to the desired fiywheel effect at the motor end of the 
ahaft. 

2. Telemetering 

Telemetering is the process of actually transmitting 
the information through the use of a radio-frequency 
tranamitter mounted on the shaft, and picking wp the sig- 
nal by a receiver placed nearby. Thia methed has been 
used suecessfully on large rotating shafte { 0), and 
equipment has been perfected for more general and small 
shaft use by at least one manufacturer {1}. The cost of 
euch a system often makes the arrangensernt impractical for 


general use. 
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3. Siliprings 

The most common method for removal of information 
from rotating shafts is through sliprings. In the small 
ship model application, the signal voltages may be in 
the order of millivoits, or fractions of millivolts. 
Resistance variations within the slipring-brush combina- 
tion can be as great as or greater than the variation 
of the resistance in a strain gage, and extraneous voltages 
can be generated within the sliding contact which will 
swamp the signal, or perhaps give the same appearance as 
the signal itself. 

References (‘2) and ( 3) present the mest complete 
and comprehensive discussions of slipring instrumentation 
problema, applications, and commercial information that 
the authors were able to locate. No attempt wili be made 
in thie thesis to cover this same material; however, there 
are certain facts which merit discussion. 

Brush noise is classified by Motsinger ( -) as 
follows: 

a. Brush bounee 

Brash bounce is a circuit interruption that oecurs 


when adverse acceleration forces cause the brush and ring 
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to part company periodicaliy during the rotation cycle. 
This is the most serious noise component because the 
disturbance can be in the order of volts. 

b Resistance modulation 

Resistance modulation describes the inconsistent 
electrical resistance at the brush-slipring interface. 
The steady-state portion of the resistance (running about 
2 ohms) is of little consequence to the system, but a 
variation of one-tenth cf an ohm is equivalent to 500 
micrestrain. For the small ship model applicaticn it 
is desired to distinguish strain amplitudes ranging from 
about 2.2 microstrain (highest value of interest) to 
about 0.022 microstrain (lowest value of interest). 

¢. Thermal EMP's 

Thermal electromotive forees are created by the 
heat of friction and the dissimilar materiais in contact. 
A virtual network of themmocouples are present, generating 
random signals in the micro-volt region. Regardless of 
workmanship and choice of circuitry the minimum noise level 


will be determined by these thermal emf's. 
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To better acquaint the authors with current state- 
of-the-art type sliprings, several visits to the M.1I.T. 
Instrumentation Laboratory were made. It was determined 
that the MOD J 16 Pendulous Integrating Gyro Accelerometer 
under development utilizes a low noise slipring with a 
maximum acceptance noise level limit of 10 microvolts 
per milliampere, peak-to-peak. This slipring is designed 
fer use at slow revolutions only, however in the order 
of 3-l) RPM. The size, configuration, and noise specifi- 
cations for this slipring mey make it acceptable for use 
in the small ship model; however, more information is 
needed on its wear properties and noise levels at higher 
rotational speeds, 

The noise specifications given in reference (1 ) 
appear to be at the state of the art in preetsion slip- 
rings. This is an advertiserent for a slipring with a 
noise level claimed to be only 3 microvolts per milliampere, 
peak-to-peak (3m) with rotational speeda up to 2000 RPM 
and with a life exceeding 1000 hours. The cost of either of 
these sliprings (not known to the authors) may prove to 


be prohibitive for use in the M.I.T. facilities. 
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Tne use of mercury sliprings is attractive because 
they eliminate brush bounce. Noise levels below 20 
miarovelts are possible (62). They were used in an 
ungucecessful attempt to construct a sensitive dynamometer 
by Chapman (11). This, however, does not eliminate their 
potential. 

The experience of the previous theses groups 
(8,9,10,11,12) should prove useful in any possible future 
attempts to incorporate sliprings in the design of a 


emall ship dynamometer. 


ke Inductive coupling methods 

The main distinction between telemetry and inductive, 
or magnetic, coupling as alternatives to sliprings is 
that in the former case the oscillator rotates, while in 
the latter case the carrier excitation source is stationary. 
Several interesting examples of inductive coupling are 
presented in reference (62). 

The magnetic-coupled torquemeter deseribed in reference 
(39) hae been incerporated into a device at DTMS which they 


call a “Magni-Torque" pickup. DTMS has alao developed a 


aa 16 
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"“Megni-Thrust” pickup fer measuring thruet in a rotating 
shaft without the use of sliprings. These devices, and 
their principles of operation, are discussed in the 


transducer section of this paper. 
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